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The  Mission  of  AGARD 


According  to  its  Charter,  the  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields 
of  science  and  technology  relating  to  aerospace  for  the  following  purposes: 

—  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities  for  the 
common  benefit  of  the  NATO  community; 

—  Providing  scientific  and  technical  advice  and  assistance  to  the  Military  Committee  in  the  field  of  aerospace  research  and 
development  (with  particular  regard  to  its  military  application), 

—  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence  posture. 

—  Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development, 

—  Exchange  of  scientific  and  technical  information: 

—  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential, 

—  Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations  in  connection 
with  research  and  development  problems  in  the  aerospace  field. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior  representatives 
from  each  member  nation  The  mission  of  AGARD  is  earned  out  through  the  Panels  w  hich  are  composed  of  experts  appointed 
by  the  National  Delegates,  the  Consultant  and  Exchange  Programme  and  the  Aerospace  Applications  Studies  Programme.  The 
results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO  Authonties  through  the  AGARD  series  of 
publications  of  which  this  is  one 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limned  to  citizens  of  the  NATO  nations 


Theme 


Modem  defence  systems  must  have  a  comprehensive  surveillance  capability.  A  key  component  of  a  surveillance  system  is  the 
ability  to  detect  and  to  locate  radio  signals.  Requirements  are  both  for  global  surveillance  and  for  local  areas  in  situations  of 
rapid  deployment  of  forces.  The  entire  radio  spectrum  is  of  interest:  long  wave  radio  waves  are  used  for  strategic 
communications,  the  HF  band  remains  one  of  the  important  frequency  regions  used  by  large  and  small  countnes  for  global  and 
regional  communications,  the  frequency  range  above  SO  MHz  through  to  the  millimetre  wave  region  is  extensively  used  for  both 
communicauons  and  surveillance  purposes.  Effects  of  the  propagation  medium  play  an  important  role  in  applying  location 
techniques.  For  HF  frequencies  and  below,  the  primary  medium  is  the  ionosphere;  for  higher  frequencies  important 
environmental  effects  are  due  to  atmosphenc  refraction.  In  the  entire  radio  band  both  natural  and  man-made  noise  (including 
jamming)  often  play  an  important  role  in  direction  finding  and  location  applications. 

Radiolocation  techniques  are  concerned  with  the  angle  of  arrival  of  a  signal  and  location  of  an  emitter  This  can  be  done  from  a 
single  site  (fixed  or  mobile,  including  satellites)  or  a  network  of  stations.  Some  of  the  techniques  which  have  been  successfully 
used  are  angle  of  amval.  time  difference  of  arrival  and  doppler  direction  of  arrival  measurements.  The  next  generation 
radiolocation  systems  will  have  to  use  smaller  antenna  arrays,  be  more  mobile,  provide  more  accurate  solutions  in  real  time,  be 
able  to  fuse  data,  from  various  systems,  automatically  account  for  the  propagation  environment  in  a  manner  transparent  to  the 
user,  and  will  use  expert  systems  to  interpret  the  data  and  communicate  with  the  user 

Topics  Covered 

—  General  aspects:  Propagation  in  the  frequency  bands  of  interest,  sensing  of  the  medium 

—  Principles  of  direction  finding  and  location.  Single  sensor  techniques,  including  antenna  arrays,  multi-sensor  techniques, 
jamming  aspects 

—  Impact  of  propagation  on  direction  finding  and  location:  Long  waves;  HF;  VHF;  UHF  and  above 

—  Future  requirements. 
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Les  systemes de defense  modemes doivent etre dotes de fonctions de  surveillance tres  completes  L'un  des elements cle dun 
systeme  de  surveillance  est  la  capacitc  de  detccter  et  de  localiser  les  signaux  radio  Les  cahiers  des  charges  de  tels  equipemenls 
couvrcnt  non  seulement  la  surveillance  globalc  mais  aussi  les  zones  locales  en  situation  de  deployment  rapide  des  forces  Tout  Ic 
specti  a  radio  est  conceme.  les  grandcs  ondes  servent  aux  telecommunications  strategiques,  la  bande  HF  rcste  I'un  des  domaines 
de  frequences  Ic  plus  utilise  dans  tous  les  pays  du  monde  pour  les  telecommunications  globales  et  regionales,  la  gamme  de 
frequences  allant  de  50  MHz  jusqu'au  domamc  millimetnque  est  largement  utilisee  pour  les  telecommunications  et  la 
surveillance 

Les  effets  du  milieu  de  propagation  jouent  un  role  important  dans  (application  des  techniques  de  radiolocalisation  Pour  la 
haute  frequence  et  les  frequences  infeneures  Tionosphere  est  le  milieu  principal;  aux  frequences  supeneures  des  effets 
environnementaux  importants  sont  occasionnes  par  la  refraction  aimosphenque.  Sur  toute  la  bande  de  frequences  radio,  le 
bruit,  aussi  bien  naturel  qu'artificiel.joue  souvent  un  role  important  dans  les  applications  de  gomometne  et  de  localisation 

Les  techniques  de  radiolocalisation  reposent  sur  Tangle  d'amvee  du  signal  et  la  localisation  de  Temetteur  Ccs  operations 
peuvent  etre  effcctuecs  soit  a  partir  d'un  site  unique  (fixe  ou  mobile  et  meme  orbital)  soit  a  partir  d'un  rescau  de  stations  Parmi 
les  techniques  qui  ont  etc  miscs  en  oeuvre  avec  succes  on  peut  citer  la  mesure  de  Tangle  d'amvee,  le  calcul  de  la  difference  du 
temps  d'amvee  et  la  determination  de  la  direction  Doppler  d'amvee  des  signaux  Les  systemes  de  radiolocalisation  de  la 
prochaine  generation  devront  pouvoir  employer  des  antennes  reseau  plus  compaclcs  avec  unc  plus  grande  mobilite,  foumir  des 
solutions  plus  adequates,  fusionncr  des  donnees  provenant  de  differents  systemes.  c  tenir  compte  du  milieu  de  propagation  de 
fa9on  automatique  et  transparente  pour  Tutilisateur.  Its  feront  appel  a  des  systemes  experts  jxiur  Tanalyse  des  donnees  et  le 
dialogue  avec  Tutilisateur. 

SujetsTraites 

—  Generalites:  Propagation  dans  les  bandes  de  frequence  interessantes,  telcdcction  du  milieu 

—  Les  pnncipcs  de  la  gomometne  et  de  la  radiolocalisation  Techniques  a  un  scul  captcur.  y  compris  les  antennes  rescau, 
techniques  multi-capteurs;  aspects  brouillage. 

—  L'impact  de  la  propagation  sur  la  gomometne  et  la  tcledetection:  Les  grandes  ondes,  HF.  VHF.  UHF  et  au-dcla. 

—  Les  besoms  futurs. 
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Preface 


The  “Radio  Location  Techniques"  symposium  is  an  excellent  example  of  AGARD’s  unique  role  and  capability.  Since  the  topic  is 
primarily  of  interest  in  military  applications  and  includes  sensitive  areas,  it  would  be  difficult  to  handle  in  an  unrestricted  forum. 
The  subject  matter  includes  complex  propagation  scenarios,  novel  signal  processing  techniques,  sophisticated  hardware,  and 
extensive  measurement  programs.  A  good  interaction  between  university,  industry  and  both  civilian  and  military  members  of 
defence  establishments  is  necessary  to  address  the  interdisciplinary  aspects  of  the  subject  matter.  AGARD  is  m  the  unique 
position  to  facilitate  such  an  interaction  and  has  demonstrated  it  again  with  this  highly  successful  symposium. 

The  symposium  was  held  in  London,  UX.  from  1st — 4th  June  1992  and  included  seven  sessions.  Two  sessions  addressed 
propagation  aspects,  one  radio  location  techniques,  two  radiolocation  measurements  and  systems  and  one  signal  processing 
aspects.  One  session  was  classified  and  the  proceedings  will  be  published  in  a  separate  classified  volume.  All  together,  39  papers 
were  presented  during  the  symposium. 

Gratefully  acknowledged  arc  the  cooperation  and  assistance  of  the  Technical  Programme  Committee  —  Professor  Goutelard, 
Professor  Jones,  Dr  Klemm,  Dr  Rother,  Professor  Tacconi,  Professor  Toker  and  Dr  Yavuz  In  addition  to  members  of  the 
Technical  Programme  Committee,  Dr  Norbury  and  Professor  Yeh  served  as  session  Chairs. 

Appreciation  is  furthermore  expressed  to  the  AGARD  staff  led  by  Lieutenant  Colonel  Canglia  and  to  Mr  Jean-Philippc 
Prouteau  for  the  excellent  planning  and  organization.  Very  special  thanks  go  to  the  local  hosts.  Mrs  S.  Martin,  Dr  P.  Cannon  and 
Dr  K.  Craig  provided  a  memorable  setting  and  superb  arrangements  which  resulted  in  an  excellent  symposium. 


J.H.  Richter  and  R.B.  Rose 
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LATERAL  DEVIATION  OF  VLF  RADIO  WAVES  DUE  TO 
DIFFRACTION  ANO  SCATTERING  FROM  COAST-LINES, 

MOUNTAIN  RANGES  ANO  POLAR  ICE  CAPS 

Janes  R.  Wait 
Consultant 
2210  East  Waverly 
Tucson  Arizona 
85719  38A8  USA 

SUMMARY* 

.nis  paper  deals  with  a  physical  theory  of  radio  wave  propagation  in  the  earth- 
ionosphere  waveguide  when  allowance  is  made  for  lateral  non-uniformities  in  the  lower 
boundary.  A  combined  hybrid  ray  and  mode  analysis  is  adopted  which  reduces  to  the  now 
conventional  formulation  when  the  lower  boundary  is  uniform.  For  obvious  reasons,  the 
mathematical  details  will  not  be  presented  but  the  optical  interpretation  is  given 
and  the  physical  concepts  illustrated  in  a  hopefully  meaningful  fashion.  A  case  of 
particular  Interest  is  when  the  global  propagation  of  the  VLF  signal  arrives  from  both 
the  direct  path  as  well  as  a  sometimes  very  strong ’ resonant  scatter  from  a  continental 
mountain  range  1000  km  or  more  off  the  great  circle  path,  other  examples  occur  when  the 
signal  actually  diffracts  around  convex  coast-lines  and  continental  margins  such  as 
the  Antarctic  ice  cap.  In  such  cases,  the  direct  path  signal  over  the  highly  lossy 
medium  is  highly  attenuated  and  may  be  out  of  contention. 

In  the  simplest  theory  of  "horizontal  bending"  of  VLF  waveguide  modes,  the  conversion 
of  modes, of  one  order  tc  another  ,  is  ignored.  But,  by  employing  mode  match  techniques, 
the  conversion  of  modes  of  order  m  to  modes  of  order  n  (reflected)  and  to  modes  of 
order  p  (transmitted)  can  be  eslimated.  Both  a  scalar  and  a  vector  version  of  the  form¬ 
ulation  are  outlined.  Actually  the  scalar  version  is  really  more  appropriate  for  dealing 
with  acoustic  ducts  with  inhomogeneous  walls  when  the  horizontal  direction  of  propag¬ 
ation  is  oblique  to  the  Junction  olanes.  Strictly  speaking  the  full  blown  vector  prob¬ 
lem  must  be  dea  t  with  in  the  electromagnetic  case  if  proper  allowance  is  to  be  made 
for  the  Inevitable  couoling  between  the  TM( transverse  magnetic)  and  TE( transverse  mag¬ 
netic)  modes. 

1  INTRODUCTION 

To  understand  some  of  the  complexities  of  bearing  errors  in  VLF  radio  wave  transmission, 
it  Is  desirable  to  consider  an  idealized  model  which  can  later  be  employed  as  a  basis 
for  discussing  more  realistic  situations  where  the  physics  is  very  similar.  The  situation 
is  shown  in  Fig.  1e,  b,  and  c  below.  A  source  (e.g.  a  vertical  electric  dipole)  is  loc¬ 
ated  at  (0,  y  ,  0)  on  the  earth's  surface  z=0.  The  upper  reflecting  boundary  is  at  z=  h 
and  this  surface  is  assumed  to  be  laterally  uniform  and  characterized  by  a  surface 


Impedance  Z*.  The  lower  boundary,  at  z = 0,  is  a  two  part  surface  whose  impedance  is  Z 
for  y>  0  and  is  Z  for  y  <  0.  A  more  explicit  description  of  these  boundary  conditions 
is  given  below. 


*  The  first  paragraph  of  the  summary  refers  to  the  oral  presentation  of  the  gaper  at  the 
AGARO  Symposium  in  London,  June  1992.  The  second  paragraph  is  pertinent  to  the  theory. 
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In  a  qualitative  sense,  we  now  consider  that  the  source  dipole  emanates  a  waveguide  mode 
of  order  m  in  the  semi-infinite  region  y>0.  It  is  "reflected"  at  the  junction  plane  y  = 

0  into  a  spectrum  of  modes  of  order  n  Including  the  specular  case  n  =  m  .  The  trans¬ 
mitted  modes  of  order  p  propagate  into  the  region  y  <  0.  Again,  if  there  was  no  mode 
conversion  p  =  m  but,  even  then,  the  direction  of  the  wave  propagation  will  be  modified. 
It  is  this  modification,  appropriately  defined  below,  which  we  will  call  the  bearing 
error.  In  general,  converted  modes(  i.e.  where  p  £  m)  will  also  suffer  bearing  errors 
and  they  may  be  very  significant. 

Some  very  interesting  situations  may  arise  at  highly  oblique  incidence  where  the  reflected 
or  scattered  modes  may  become  significant  while  the  transmitted  modes  could  become  very 
small  in  magnitude  and  highly  damped  in  the  direction  of  transmission.  Such  a  situation 
is  analogous  to  critical  reflection  at  a  dielectric  interface  when  the  waves  are  going 
from  a  dense  to  a  less-dense  region. 

It  is  very  important  to  recognize  that  we  have  a  double-barreled  problem  to  contend  with. 

In  plan  view,  as  indicated  m  Fig.  1b, we  are  dealing  with  a  ray  picture  but,  in  the  vert¬ 
ical  plane,  as  indicated  in  Fig.  lc,  we  have  more  of  a  waveguide  mode  picture.  In  other 
words,  an  individual  "vertical  mode"  is  treated  as  a  ray  in  the  horizontal  plane.  This 
concept  is  not  new  and  ,  indeed,  seismologists  and  underwater  acousticians  have  often 
exploited  the  technique  .  But , surprisingly ,  radiowave  people  do  not  usually  treat  such 
mixed  path  problems  in  this  context.  (  see  references  1  to  A  )  . 

2  A  SCALAR  MODEL 

In  our  formulation  we  will  adopt  a  scalar  viewpoint,  even  though  the  3d  problem  is 

intrinsically  vector(  as  we  indicate  in  Section  5).  In  this  context,  we  wij.1  deal  with 

2  2 

a  Complex  field  function  i)i(x,y,2)  which  satisfies  the  Helmholtz  equa.ion  (V  ♦  k  )  l|l  =  0 
( 1 )'  in  the  region  0<z<n  where  k  =  w/c  =  zn/free  space  wavelength  and  w  is  the 
angular  frequency.  The  implied  time  factor  is  expttj  w  t  ),  here  and  in  what  follows.  Ke 
can  identify  ijl  as  the  vertical  electric  field  for  VLF  waves  but  in  other  related 
wave  problems  it  can  have  other  meanings,  (e.g.  the  excess  pressure  in  acoustic  wave 
guides). 

The  impedance  type  boundary  conditions  that  we  invoke  on  the  horizontal  boundaries  are 


listed  as  follows  :  1  dty/<)z  =  - 

jk  A  *  at  z  =  h 

for 

-00  <  y  <  oo 

(2) 

ii  di|i/dz  : 

=  j  k^  l(i  at  z  =  0 

for 

y  >  0 

(3) 

iii  dty/dz 

=  j  k£  H  at  z  =  0 

for 

y  <  0 

(A) 

where  we  nave  adopted  normalized  surface  impedances  defined  as  follows  :  =  z' /  , 

=  2  /  ,  and  (\*  =  l*/  where  h0  =  I20n  ohms.  These  normalized  impedances 

are  also  relevant  to  analogous  acoustic  models. 

Now,  of  course,  we  recognize  that  a  source  dipole  at  (0,y  ,0)  will  excite  a  spectrum  of 
discrete  modes  but  it  is  sufficient  to  consider  one  such  mode  of  order  m  because, in  the 
final  analysis, ( superposition  holds  and  the  appropriate  sum  over m  may  be  effected.  Thus  we 
choose  our  incident  wave  function,  for  a  far  distant  source,  to  be  of  the  form  : 

i}linc  =  exp<  -jkSmsin8mx  -  jkSm  cos  9m  y  )'  Gn < z )'  (5) 

where  unimportant  or  slowly  varying  factors  are  omitted  and  where  Gm ( z )  is  the  height 
gain  function  defined  below.  Also  we  should  note  that  8m  Is  the  real  angle  of  incidence 
in  the  horizontal  ( x , y )  plane  for  the  Incident  waveguide  mode  of  order  m. 

The  appropriate  eigen  or  characteristic  modes  in  the  vertical  plane  are  obtained  from 
t  (  C  -  &)/(  C  ♦&)][(  C  -  ^  )/(  C  exp(-2jkhc)  =  exp(-j2nm)  =  1  (6) 

The  solutions  are  C  =  C_  which  yield  S_  =  (  1  .  The  physical  constraints  on 

the  solution  are  that  Re.Sm>  0  and  Im.  Sm  <  0.  Also  we  normalize  the  height  gain 
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functions  such  that  Gm(0)  =  1  which  follows  convention.  Now  from  (1)  ,  we  see  that 
Gm(z)  =  [  expf+jkC^z)  +•  Rm  exp(-jkCmz)  ]  /  <  1  ♦  Rm)  (7),  where  Rm  =  <Cjn- A)/(C  ♦  (8) 

Here  Rm  can  be  identified  as  the  reflection  coefficient  at  the  ground  surface  z  =  0  for 
the  complex  eigen  angle  »  arc  cos  Cm , for  the  mode  of  order  m  .  He  may  readily  verify  that 
(1)  is  satisfied  and  that  the  boundary  conditions  (2)  and  (3)  are  met. 

For  such  an  incident  waveguide  mode,  as  defined  oy  (5),  we  now  write  down  the  expected 
form  of  the  reflected  modes  of  order  n  .  The  field  function  of  >Jinre^  is  of  the  form 

iinrefl  =  Rn(m  exp(  -jkSnsin9nx  -  JkSncos8ny  )  Gn(z),  (9)  ..here  S„  =  ( I  -  C2)*  and 

G  is  a  solution  of  (6)  for  the  n*th  mode.  R  m  is  the  reflection  coefficient  for  the 
n  n ,  m 

incident  mode  of  order  m  as  it  is  reiected  and/or  converted  into  mode  n  . 


To  deal  with  the  transmitted  modes  of  order  p  ,  we  are  led  to  write,  in  analogy  to  (9),  : 

CranS  *  Tp,m  exp(  -jkSpsinepX  ♦  jkSpcosepy)  Gp(z)  (10)  , 

where  now  the  vertical  eigen  modes  are  obtained  from  the  solution  C  =  Cp  of 

[(  C  -£,)/(  C  ♦  fl)]  [(  C  -  A*>/(  C  ♦  A*)]  exp(-2jkCh)  =  exp(-2j  n  p)  =  1  (11) 

Then  Sp  =  (  1  -  CpV  where  again  Re.  Sp  >  0  and  Im.  Sp  <  0.  The  height  function 

is  now  g  <zj  .  [exp(jkCpz)  ♦  Rp  exp(-jkCpz)  ]  /  (  1  ♦  Rp>  (12)  ,  where 

R„  =  (  C„  -  A)/(  C  ♦  A)  (13)  .  Then  T  is  the  transmission  coefficient 

P  p  u  p  p ,  m 

for  the  incident  mode  of  order  m  as  it  is  converted  into  mode  of  order  p  . 


Now  at  this  point,  the  only  assumption  we  need  make  is  to  say  the  transition  ,  from  the 
surface  impedance  Z  for  y  >  0  to  the  surface  impedance  Z  for  yx.0,  is  invariant  with 
respect  to  x  .  Thus  d  iLtrans/<)x  =  d  ^efl  /<)*  =  i  lllminC/<*x  =  -jg  04)  ,  where  g 
is  a  fixed  parameter.  (14)  is  a  generalized  form  of  Snell's  law  for  the  30  problem. 

The  following  properties  are  a  consequence  of  (14)  :  1)  Since  8m  is  real  ,  8n  (angle) 
of  reflection  is  generally  complex  except  for  n  =  m  and  for  the  unlikely  situation  that 
arg.  Sn  =  arg.Sffl  when  n  i  m  ,  2)  3p  (angle  of  transmittance)  is  generally  complex  even 
for  n  =  m  except,  in  the  trivial  case,  where  there  is  no  surface  impedance  contrast. 


we  can  now  construct  the  desired  forms  for  the  modal  representations  for  the  total 
fields  for  an  incident  mode  of  order  m.  Thus,  for  y  >  0,  we  may  write  for  the  total  field: 


|)|  r  Ij)1  C  .  1)1 

while, for  y  <  0, 


refl 


exp(umy):Gm(z)'  ♦  2  e*P<->V>  G„( z )  )  exp( - j gmx)  ( 


15) 


n  =  r 


-  flm  I 


Tp,m  exP(  vpy}  Gp(z) 


Of) 


Here  Am  is  a  coefficient  specifying  the  strength  of  the  incident  m’th  order  mode.  The 
other  key  parameters  are  :  ^  ,  (g2  .  „  j(l{2s2  .  g2j*  (,7)  , 

un  =  ■<  9m2  -  k2sn2>i  =  *  S,’*  (!8)  •  vp  =  <  9*  -  «2SpV  =  j(k2Sp2  -  g2)}  (19) 

and  where,  as  indicated  by  (14)  ,  g_=  kS  sin9_  . 

J  -*m  tn  m 

3  PROPERTIES  OF  REFLECTED  AND  TRANSMITTED  HOPES 


A  procedure  to  determine  the  reflected  and  transmitted  mode  strengths  is  described  later. 
But,  first  of  all,  it  is  desirable  to  discuss  the  nature  of  the  modes  with  regard  to 
attenuation,  phase  velocity,  and  refraction,  for  example  let  us  deal  with  the  reflected 
modes.  An  individual  mode  will  have  the  form  ltlrirefl  =  exp  ( -j  gm  x  )  exp  (  -  uny  )  (21), 

where  we  have  omitted  the  multiplicative  factors  wi.ich  do  not  depend  on  x  and  y  .  Now 
let  us  write  gm  =  Pm  -  j  Qm  (22),  and  un  =  °>n  *  j  <*n  (23)  ,  where  pm  ,  qm  ,  orn  , 

and  @n  are  typically  real  and  positive.  Thus  note  that 

l)lnrefl  =  expt  -  qm  x  -  0<ny  )  exp(  -  j  (  Pm  x  ♦  $n  y  )  )  (24)  . 


Clearly  planes  of 
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of  constant  phase  are  determined  by  pmx  ♦  0ny  =  const.  (25)  ,  or  Pm  =  ?n  dy/dx 
(26)  .  The  situation  is  illustrated  in  Fig. 2.  The  direction  ^  \ 

of  the  xave  fronts,  for  the  modes  of  order  n,  make  an  ,  \  \  ^  \  \  lnc 

annle  S  xith  the  v  axis,  indeed  tan  S  =  -dv/dx  \  '  .  \  '  \  \ 


of  the  xave  fronts,  for  the  modes  of  order  n,  make  an 

angle  S  xith  the  y  axis,  indeed  tan  S„  _  =  -dy/dx 

=  p^/  8 n  is  an  explicit  formula  to  deduce  the  real 

angle  Sn  xhich  Is  relevant  to  any  phase  sensitive 

receiving  system.  Of  course,  in  the  special  case  n.m  , 

xe  see  that  S  =  9„  .Now  looking  at  (24),  »e 

m,m  m  ^ 

see  that  the  planes  of  constant  amolitude  are  determined 
by  qfflx  ♦  o<ny  =  const.  (28),  or  qffl  ♦  o<n  dy/dx 

=  0  (29)  .  The  angle  of  the  normal  ,  Sn'm  ,  is 
given  by  tan6n‘m  =  -  dy/dx  =  qm/  txn  130)  .Except 
in  the  special  case  p  /  q  =  @  fat  (31),  (or 


\  \  \  '  i  \  \  lnc.  mode  m 

\V'\\  v 

\6m\  \  N  \ 

V  i  6  '  '  '  \  y 

/%  /  /  / 

/  /X  (planes  of  constant 

/  /  /NX  /  phase) 

/  /  /  y\refl.  mode  n 
///  \  Fi9-2 

Therefore  It  is  evident  that  the 


- - * - n,m  "  -  - /  X  _ 

in  the  special  case  pffl/  qffl  =  @n  /(*n  (31),  (or  %  /  /  X  Fig*2 

arg.  S  s  arg  S  )  ,  it  is  clear  that  6 „  Therefore  It  is  evident  that  the 
3  m  3  n  n  ,m  n ,  m 

planes  of  constant  phase  and  planes  of  constant  amplitude  do  not  coincide  for  the  con¬ 
verted  modes  except  xhere  noted  above. 

The  situation  for  the  transmitted  modes,  in  the  region  y  <  0  is  similar.  Such  a  mode  of 
order  p  xill  have  an  x  and  y  dependence  as  folloxs  :  tjj^rans  _  exp(-jgmx)  exp(  vpy)  (32) 
xhere  again  xe  have  omitted  factors  that  do  not  depend  on  x  and  y.  we  nox  set  v  = 


ap  ♦  j  (33),xhere  cxp  and  ?p  are  real.  Then  i|ip 
=  exp(-qffl  x  .  orpy)  exp  [  -j(  pfflx  -  0p  y)3  (34)  . 

The  planes  of  constant  phase  are  nox  determined  by 
pmx  ■  ^py  =  const.  (35),  or  pm  -  0  dy/dx  =  0  (36). 
The  situation  is  illustrated  in  fig.  3.  The  refraction 
ion  angle  6p  m  ,  describing  the  direction  of  the 

xave  normal  ,  is  determined  from  tan 6„  _  =  dy/dx 
,  P,m 

=  Pm  /  9p  (37).  Except  in  the  trivial  case  of  no 


=  Pm  /  9p  (37).  Except  in  the  trivial  case  of  no 
surface  impedance  contrast  (  i.e.  Z  =  Z),  the  angle 
6p  m  /  0m  even  in  the  case  xhere  p  =  m.  Looking  at  ^ode  p  i  Fig.  J 

(34),  xe  see  that  planes  of  constant  amplitude  are  x 

deter  lined  from  q_ x  -cxy  =  const.  (38)  or  q_  -  cx„  dy/dx  =  0  .  The  refraction  angle 

m  p  m  „  P  xx 

for  planes  of  constant  amplitude  is  given  by  tan  ®p'  m  1  qm/  ^p  In  general  6p  m 

i  op  m  except  again  in  the  special  case  xhere  the  xaveguides  are  lossless  such  that 

arg.S_  =  arg.S.  =  (j  .  One  might  nox  ask  :  hox  does  (40)  compare  xith  Fermat's  principle? 

To  ansxer  this  question,xe  xe  note  that  vp  =  j  k  [  Sp  -  sin  9^)’  (4  1)  can  be  approximated  ,for 

lox  order  modes, by  v„  =  jk[(S')2  -  (S'  sin9  )2]*  (42),  xhere  S'  =  Re.  S  and  S'  = 

p  **  p  mm  m  m  p 

Re.  S„  .  Then,  from  (37),  tan  o„  „  -  [  S'  sin  91  /  [  (  S’  )2  -  (  S'  )2  sln28„  3*  (44), 

n  1  n.m  *  rr.  m  n  m  m  7 


(planes  of 
constant  phase) 


\n  v  N> 


\inc.mode 

N  \ 

,  y<\\8m  \ 


for  planes  of  constant  amplitude  is  given  by  tan  op' 


xhich  trigometrically  is  equivalent  to  Sp'sin8p  m 
of  Snell's  Lax  becomes  exact  xhen  and  S_  are 


=  S'  sin  9_  (45)  .  This  latter  form 


4  MODE  HATCHING 

we  nox  develop  a  procedure  to  determine  the  reflection  and  transmission  coefficients  R„  _ 

n ,  m 

and  Tp  m  ,  respectively.  The  method  is  based  on  mode  matching.  The  scheme  is  to  match 
<1  and  df/dy  at  the  junction  plane  y  =  0  over  the  interval  0<z<h  .  Employing  (15)  and 

(16),  xe  arrive  at  the  folloxing  :  (z)  +  K  G  (z)  =  S  T„  S  (z)  (46)  , 

m  ■  n.m  n  p.m  p 

and  n  „  p 

umCm(z)  *  unRn,mGn(z)  =  vpTp,mCp(z)  (47)  *  To  deal  "ith  this  s*stem 


of  equations  ,  we  can  exploit  the  orthogonality  of  the  height  gain  functions.  In  the 
present  context,  we  multiply  both  sides  of  (46)  and  (47)  by  Cq(z)  and  integrate  over  z 
from  0  to  h.  Then  we  obtain  : 
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(  Aq*  (  dm,q  *  Rq,m  }  *  ^>Tp,mcp,q  and  (  Aq5  <umdro,q  '  uq  Rq.m>  =  vpTp,mcp, 

48)  and  (49)  we 

^  Gp<z>Gq'z> 


,q 

p  (48)  v  (49) 

where  d  »  1  for  m=q  ,  =0  for  m/q.  In  arriving  at  (48)  and  (49)  we  have  exploited 
ffl>P  .h 


the  following  orthogonality  property  : 

h  i  -1 


where  A 


=  (h/2) 


s 


t  G(z)  ]  dz 


(2/h) 


dz  =  1  /  A  for  p  =  q 


(51) 


=  0  for  p  i  q 


is  a  modal  excitation  parameter.  Also  we  have  defined 
as  a  mode  coupling  characterization. 


p.q 


h 


Now  we  can  eliminate  R  from  the  pair  (48)  and  (49)  to  yield  the  single  set 

q»m 


(  A  )"'(  u  +  u  )  d 

Q  q  m  (Tl, 


v  )  T  c 
P  p,m  p,q 


(53) 


».q  =  ^<uq 

p 

To  solve  this  system,  we  truncate  the  series  over  p  to  say  N  terms.  Then  we  take  q  =  1, 

2,  3,  . n  and  solve  the  finite  system  for  Tp  n  for  the  desigated  m'th  incident 

mode.  To  illustrate  the  concept,  let  us  take  m  =  l  and  N  =  2  which  is  a  rather  drastic 
truncation.  Then  (53)  reduces  to 


and  (  u2  +  Vj)  Tj  1  c2>1 


(ul  ‘V  T1,1C1,1 
(  u2  *  v2^  ^2,1  C2,2  =  G 


first  order 
and 


T?  i  =  T,  |  K  “j  ‘  v,)/(  u^  ♦  v2))(  c2  1  /  c2  2) 


♦  (  u,  ♦  v2)  T2(1  c,)2  x  2u,/  A, 
(55)  Consequently  ,  to  within 

(56) 


T 1  1  =  (  A|)'  [  2Uj/(  u,  *  Vj))  (  1/Cj  ,)  =  ( roughful  ly)  2  Uj/tu,  *  v  1 ) 

As  we  see  the  coupling  coefficient  cq  plays  a  key  role.  It  can  be  expressed  simply, 
as  we  shall  show, following  a  somewhat  classical  route  forged  by  the  "Master"  (i.e.A.N. 
Sommerfeld).  first  of  all,  we  note  that, over  the  interval  0<z<h  ,  we  can  write  : 

0 


<d2/dz2  ♦  k2C  2  )  G  ( z ) 


(58)  and  {  dV  dz2/  dz2  .  k2Cp2  )  Gp( z )  -  0  (59) 


NOW  we  multiply  (58)  by  Gp  and  (59,,  by  Gq  and  then  subtract  one  of  the  resulting 


equations  from  the  other  to  yield 
But  (60)  is  equivalent  to 


Gpd2/dz2Cq  -  Gq  d2/dz2  Gp  ♦  k2(  Cq2  -  C2)  =.  0  (60) 


d/dz  (  GpdGq/dz  -  Ggd£p/dz)  =  -  k2(  C  2  -  Cp2)  GqGp 
Then,  on  integrating  both  sides  of  (61)  over  the  range  of  z  from  0  to  h  ,  .ve  get 

th 


(61) 


t  Gp  d  <yd*  -  Gq  d  Gp/dz  ] 


•  k2  (  C  2  -  C  2)  (h/2>  c 


q.p 


But  dGq  /  dz  =  j  k  A  at  z  =  0  ,  dGp  /  dz  =  jki  at  z  =  0 

=  -  j  k  i*  Gq  at  z  :  h  ,  =  -  j  k  A*  Gp  at  z  =  h 

Thus  the  LHS  (left  hand  side)  of  (62)  is  simply  - j k  (  A  -  A)  so  that  the  coupling 


(62) 

(63),  (64) 

(65),  (66) 


coefficient  is  given  by  : 


cp,q  =  <2/(Jkh))(  A  -  A)/(Cq2-  Cp2  ) 


(67) 


(C,2  -  62)/(C2  -  c22) 


(68) 


Perhaps  it  is  useful  to  note  that  c2  ]  /  c,  , 
which  is  an  alternative  form  showing  that  the  mode  conversion  is  most  important  when  the 
modes  1  and  2  become  nearly  coincident  (  i.e.  near  degeneracy). 


It  is  now  useful  to  return  to  (46)  and  (47)  inanattempt  to  deal  explicitly  with  the  ref¬ 
lection  /conversion  coefficient  _  .To  this  end,  we  play  the  same  orthogonality  game 

n ,  m  ev 

and  begin  by  multiplying  both  sides  of  (46)  and  (47)  by  Gs(z)  and  integrating  over  z 

c 


from  0  to  h.  Then  we  obtain  the  system  i  ""s  „ 

h  ^  s,m  n,m  s, 

"here  A$  =  (h/2)[\t  Gs(z))2dz  I*'  (71)  „ 


’  Ts,m'  As 


~mcs 


and 


2unRn,mcs,n  =  's's,.2^ 


and  cs  n  =  <2/h)j  Gn(z)Gs(z)dz  1  (2/(  j  k  n  >  (  A  -  A)  /  (  Cn2  -  C,2  ) 


(69) 

's  (70) 
(72) 
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On  eliminating  Tg  m  t  from  (69)  and  (70), we  arrive  at  the  single  set 


(vs  -  um> 


*  2 


(v„ 


Rn,m  cs,n  ^cs,m 


=  0 


(73) 


To  obtain  numerical  values  for  Rn  we  truncate  the  summation  over  n  to  N  terms  and  then 

let  s  =  1,  2,  3,  - N.  The  resulting  matrix  of  the  coefficents  is  then  inverted,  in 

the  rather  trivial  case  where  mode  conversion  is  neglected  ( i .  e .  N  =  1  ),  we  obtain  : 


Rm,m  =  (um  'vm)/  <um  *  vn>  <74)  which  i4  very  simple.  In  fact  (74),  can  be  interpreted 
as  the  reflection  coefficient  at  an  interface  between  two  half  spaces  of  refractive 

A 

indices  Sm  and  Sm  .  But,  in  general,  we  need  to  deal  with  (73)  for  some  specified  number 
of  terms.  In  this  case,  it  is  useful  to  note  that  the  ratio  of  the  coupling  coefficients 

is  given  by  =  '(  C^2  -  C2)'/Cn2-  C*)  (75)  which  is  consistent  with  (67). 

6  GRADUAL  TRANSITION  OR  NON  ABRUPT  BOUNDARY 


In  the  foregoing  analysis,  we  have  idealized  the  junction  as  an  abrupt  change  of  the 
conductivity  of  the  lower  boundary  (e.g.  a  straight  flat  lying  coastline) .  But,  in  many 
cases  ,  the  junction  is  tapered  in  some  fashion.  For  example,  in  tne  analogous  day/night 
transition,  the  width  of  the  earth-ionosphere  waveguide  will  change  gradually.  Similarly 
an  irregular  coastline  will  often  appear  as  a  tapered  transition.  « ere  we  will  indicate 
if  such  a  transition  or  tapered  junction  will  modify  any  of  our  conclusions  about  bear¬ 
ing  errors.  The  ncdel  we  consider  is  a  modification  of  the  geometry  considered  earlier 
in  Fig.  1  .  The  situation  we  deal  with  now  is  shown  In  Fig. 4  where,  in  fact, 
rather  than  having  a  sudden  change  of  properties  at  y  =  0  ,  we  have  a  transition  that 
extends  from  y  =  -d  to  -d  .  The  incident  mode  of  order  m  ,for  y  >  d  ,  is  again  specified  to 

be  1(1  inc  =  lji0  exp(-jgmx)  exp(uffly)  Gm'(z)  where  um  =  jkCm  where  Cffi  satisfies  the  mode  eqn. 

,(6).  Now,  in  the  region  y  <  -d,  the  transmitted  mode  of  order  m  will  still  have  the 

form  i|)  3  =  T  exp(-jgmx)  e*p(  v^y)  Gm(z)  in  the  absence  of  any  mode  conversion. 

a 

Gm(z)  and  Gffl(z)  are  the  appropriate  height  gain  functions  in  the  regions  y>d  and 
y  <  -d  ,•  respectively.  N-w  in  the  transition  region,  dz  yz-d  ,  we  will  a'gue  that 

the  solution  will  have  the  form  :  ,  , 

ijity)  =  e-.pc-jg  x)  Y(y)  G(y,z)  (74) 
where  the  y  dependent  height  gain  function 

is  given  by 
where 


G  (y,z)  =  (exp(jk  C(y>  z]  * R  expf - jk c( y )  z ] ]/  (  i  •  R  )  (75) 

m  m 


m  =  [Cn(y>  -  A  ( y)  ]  /[C_(y )  •  A  (y ) )  (76) 


and  where  A(y)  is  the  y-depcndent  (normalized)  surface  impedance  at  z  =  0  for  -d<y<d. 
Cm( y )  then  satisfies  the  y-dependent  mode  equation  such  as  (6)  with  A  replaced  by  A(y). 

Now  jince  i)l  satisfies  the  Helmholtz  equation  (V2  *  k2  )i|j  *  0.177),  in  the  space  0<z<h, 
it  is  clear  that  (  d2/dy2  ♦  k2  q2(y)  ]  v(y)  =  o  ,  (78),  where  q(y)  =  J  (  k2  S  2( y )  -  q  2) * 

"here  Sn/y^'  ‘  <  y )  ]  .  The  appropriate  KKB  solution  of  J79)  is: 

ry 

Y(y)  =  (  1/ k q(y ) ] *  exp  [  jk \  q(y)  dy  ]  (79)  apart  from  a  constant.  Now  this 

0 

solution  form  must  match  the  incident  wave  as  y  -•  *oo  and  the  transmitted  wave  as  y  -♦  -j>. 
in  these  two  limits  q(y)  -♦  Cm  and  q(y)  -.  1 0  ,  respectively.  These  conditions  are 
net  when  ,  /-d  ^ 

1  '  *  crn/  ^m)t  exp  f  “j  k  )  q(y*fy]  exp  (  j  k  (  Cm  -  C  )2d  (80)  . 

— d 

Of  course.it  is  not  permitted  to  let  d  approach  zero  because  the  WKB  solution  is  only 
valid  if  q(y)  or  Sm(y)  Is  a  slowly  varying  function  of  y.  In  such  a  case,  mode  convers¬ 
ion  would  also  be  small.  3ui  an  interesting  observation  can  be  made  about  (80)  ,  if 

k Sffl  ,  vm  In  (73)  becomes  mainly  real.  Then  we  can  expect  that  there  will  be  crit¬ 
ical  reflection  back  into  the  region  y  >  0  from  whence  the  incident  wave  came. 
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for  example,  it  is  possible  a  value  of  y  = 
yc  ,  in  the  transition,  will  occur  when 
g(y)  =  0  (  or  there  will  be  a  minimum  )  . 

Of  course  the  problem  is  analogous  to  the 
reflection  of  obliquely  Incident  radio  waves 
(  in  the  vertical  plane)  at  the  ionosphere 
where  the  electron  density  increases  with 
height.  Some  of  the  relevant  theory  on 
phase  integral  methods  can  be  taken  over 
directly  (e.g.  see  Ref. 3  ).  In  this  case 
we  may  deduce  that  for  the  region  y  >  d, 
the  critically  reflected  field  will  be 
given  by  ^refl  .  ^ j  exp[-jkCm(y  -  2yc>](81) 
where  the  n/2  phase  lead  is  associated 
with  the  effective  caustic  surface  at  y  =  Vc  • 

The  situation  as  described  above  is  depicted 
in  fig.  k  where  two  typical  situations  are 
shown;  in  the  one  case,  the  incident  mode 
has  a  horizontal  angle  of  propagation  which  is 
close  to  perpendicular  with  the  y  axis.  T  hen  the 
"ray"  is  continuously  bent  within  the  transition 
zone  but  it  eventually  exits  at  y  =  -d  and  goes 

on  its  way  into  legion  y  <  -d  .  On  the  other  hand,  the  highly  oblique  ray  enters  the 
transition  zone  but  it  is  continually  refracted  back  towards  the  region  y  >  d  . 

Perhaps  it  is  important  to  note  that  with  sue.:  a  transition  zone, the  properties  of  the 
modes  in  the  uniform  regions  y  <  -d  and  y  >  »d  are  precisely  the  same  as  we  disussed 
earlier  for  an  abrupt  boundary  -  everything  else  being  equal.  Of  course,,  the  relative 
amount  of  mode  conversion  will  be  a  strong  function  of  the  width  or  the  extent  of  the 
transition  zone.  But  it  is  safe  to  say  that  the  bearing  errors  for  a  given  node  should 
not  be  affected  by  the  width  or  taper  of  the  transition  zone. 

7  ALLOWANCE  f OR  TE-TM  COUPLING 

tt  more  rigorous  analysis  or  the  oblique  incidence  problem  is  to  allow  for  coupling 
between  between  the  TE  ( transverse  electric) and  the  Tm( transverse  magnetic)  waves.  We 
snail  outline  the  procedure  for  dealing  with  this  situation.  The  wa1 eguide  model  is  the 
same  as  illustrated  in  Fig.l.  in  the  region  0  <■  z  <  h  ,  the  fields  can  be  derived  most  con¬ 
veniently  from  the  Debye  potentials  U  and  v  (Ref. 2  ).  Thus  we  may  write 

E^  =  B2U/dx<)z  -  jpwcV/dy,  (81),  ty  =  d2d/  <) y  dz  ♦jpwdv/c)x  (92)  , 

H^rd^V/tJxdz  •jB^wOU/dy  (83>,Hy  =  c)2v/<)y<)z  -  j  e^w  ,  (84), 

f2  =  (  k2  »  <)2/82z)u  (85)  and  Hz=  (  k2  .  d2/  d2z  )V  (86)' 

Here  we  associate  the  U  with  the  TM  or  E  Modes  while  V  is  associated  with  the  Tt'  or  tne 
H  modes.  Essentially,  in  our  previous  scalarized  or  acoustic- i i ke model ,  we  ignored  the 
fields  derived  from  the  TE  or  H  modes  (i.e.  we  assumed  =0  ) .  It  might  be  mentioned 
here  in  passing  that  in  dealing  with  a  realistic  earth-ionsphere  model,  where  the 
earth's  magnetic  field  renders  the  ionosphere  anisotrooic,  there  is  also  coupling  between 
the  TM  and  TE"  modes  even  for  complete  lateral  non-uniformity  of  the  wave  guidet  sae  Refs. 
243).  That  is  a  complication  not  considered  here. 

To  proceed  with  our  analysis,  we  construct  our  solutions  tor  U  and  V  that  satisfy  the 
Helmholtz  equation  :  ^  ^2  +  k2j  y  v;  .  q  (g7)  The  incident  wave  is  a  pure  TM  or 

t"  mode  ,  of  order  m  ,  as  assumed  earlier  .  Thus  E ,lnc  =  lxp(-jg  x  *  u_y),  G  (z),  (88) 

z  ''in  fn'  m 


(Illustrating  a  penetrating  mode  and 
q  critically  reflected  mode  ) 
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where  g  =  k  S_  sin  9„  and  u„  =  (  g2  -  k2S2)*  =  j  (  k2S2  -  g2)^  being  consistent  with 

m  m  m  ’m  m  v  m  3 

our  earlier  definitions.  Again  9  .the  (horizontal),  angle  of  Incidence  for  mode  m  ,  is 

"  ?  4 

real.  Also,  as  before,  S_  =  (  l  -  C  )  where  C„  satisfies  the  mode  equation  (6)  as 

m  (II  m 

applicable  to  the  region  y  >  0  .  It  is  now  clear  that  d/d*,in  equations  (81)  to  (84), 
can  be  replaced  by  “  j  9n  with  the  Same  justification  as  in  the  scalarized  version. 

The  boundary  conditions  ,  on  the  horizontal  surfaces  are  now  stated  to  be  : 


E  =  -  ft  A  H 

x  o  y 

E  =  ♦  ft  AH 

y  o  x 


t  =  -  ft  A  H 

x  o  y 

E  =  ♦  ft  A  h 

y  o  x 


V  ♦»0*Hy 

ey"  -n0*Hx 


CD  >  y  >  -CD 

z  =  h 


We  now  write  the  appropriate  forms  of  the  Debye  potentials  ,  for  the  incident  mode  of 
order  m,  in  the  compact  forms  ,  where  summation  ever  the  repeated  indices  is  understood: 


um  =  exp<  V1  Gm<z<  *  Rn,m  exp  ('°ny  )  Gn(z)  (92)>  Vm  =  Rs,m  exp  (  'usy)'  Fs(z>  ®7);  y  »  0 

Um  ■  Tp?mexp  <  v>  Gp(z)  *<94)>  Vm  =  Tq,m  (exp(  V>  FqU>  (9S)  ;  y  «  0  • 

where  ,  as  befure,  vq  =  j  (  k  S‘  -  gm  )  but  also  vq  z  j  (  k  sq  -  g^  )  wheie 
sq  (  lower  case  s  )  =  !  1  -  cq2)^  in  ternsof  cq  which  is  the  solution  of  the  TE  mode 

discussed  below.  Similarly  ,  un  =  j  (  k2Sn2  -  g^V  Sot  now,  also  u$  x  j  J  k2s£2  -  gV 
where  s$  *  (  1  -  c2)*  in  terms  of  c£  which  is  the  solution  of  the  corresponding  TE  mode 
equation.  Tne  TE  type  height  gain  functions  are  then  v°ry conveniently  written  in  the  form 


Ffi(z)  =  exp  (  j  k  c s  z  ) 


5»o  {  -  j  k  cs  z)  (98)  where  r$  =  (  A  cs  -  l)/,(  ic$  .  !  ) 


?q(z)  .  exp(  Jk  V  )  ♦  ?q  exp(  -  jkcQz)  (97)  (rt#re  fg=(£cq-  1)/  (  2x  cQ  *  1  ) 

how  c$  is  a  solution  of  the  TE  mode  equation  :  r$ r*  exp( . j2kch)  = exp( - j2ns)  =1  (98) 
and  cq  is  a  solution  a  similar  mode  equation  :  ?q  r*  exp(-j2kch)  =  exp(-j2nq)  =  l  (99)' 
wheie  r*  =  (  A*c  -  1  )/  (  A*c  ♦  l  )  .  men  the  corresponding  TM  mode  equations  are 

identical  to  those  employed  in  the  earlier  scalarized  formulation. 

The  remaining  task  is  to  match  the  tangential  fields  tx  .  E;,  Hx  and  in  the  junction 

ThAs  steo  leads  to  the  following  sirultaneo.s  equations  for  the  unknown  coefficients: 


J9nGm'  (z>  *  Vm  Gn(z)  *  2  »  ”  Rs,musVz>  *  ‘  V 'p®, m  V  ' z  '  -  JH  *  Tq%vq  -q(z ),  l  100) 

-•K  Rs?m  Fs’(z!  *  jp"CpmGm(z)  *  Rn?m  un  Gm(  z  >  5=  *  2  9m  T  q’,m  Gp’ Cz)  Tp“m  vp  Co(z)-  ( !0,): 


C  2  G  ( z )  «  C2  R. e  G_(z) 

mm  n  n ,  m  n 


ps2  C  FS(Z> 


C7  T0?m  Gp{z)-  (,02) 


cq  Tq,m  Fq(z)  (10?)  where  G  * ( z )  =  dGn(z)/dz  ,  etc. 


These  four  systems  of  equations  must  hold  and  Es'(z)  =  dFs(z)/dz  ,  etc. 

over  the  interval  0<z<h.  No  further  attempt 

here  will  be  made  to  solve  them.  But  o  number  of  general  conclusions  can  de  drawn. 

For  perpendicular  incidence,  (i.e.  gffl =  0),  the  TE  modes  become  completely  decoupled  and 
the  results  are  identical  to  the  scalarized  model.  Also  it  may  be  noted  that  for  the 
low  order  modes  ,  the  derivatives  of  the  height  gain  functions  are  relatively  small 
and  the  coupling  between  TM  and  TE  modes  is  weak.  Finally  it  is  to  be  noted  that  at 
highly  oblique  incidence  ,  the  modes  may  be  critically  reflected  in  which  case  the 
coupling  tends  to  be  small. 
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propagation  below  a  horizontally  stratified,  anisotropic  ionosphere.  Jour. Atmos.  Terr. 
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DISCUSSION 


D.  JONES 

In  an  early  interpretation  of  refraction  effects,  Neil  Thomson  used  a  very  simple  analysis  based  on  refraction  at  an  interface 
characterized  by  a  refractive  index  computed  in  terms  of  the  phase  velocities  on  the  two  sides.  How  valid  is  this  treatment? 

AUTHOR'S  REPLY 

I  believe  Thomson's  method  is  valid  for  an  individual  mode.  But  he  does  not  consider  mode  conversion  nor  does  he  deal  with  the 
magnitude  of  the  mode  conversion. 

J.  BELROSE 

Your  reference  to  VLF  attenuation  rates  far  waveguide  made  propagation  across  icecaps  of  SO  dB/1000  km  is  a  bit  of  an 
exaggeration.. .or  at  least  should  be  qualified.  The  "attenuation  rate"  is  a  strong  function  of  frequency  and  reflection  height,  and  is 
greatest  at  low  VLF  frequencies  and  low  reflection  heights.  Thus,  for  practical  VLF  frequencies,  it  is  greatest  for  the  OMEGA 
frequencies  (10  kHz)  and  lowest  reflection  heights  (SO  km,  corresponding  to  a  solar  proton  event).  Perhaps  such  "attenuation  rates" 
occur  under  such  propagation  conditions? 

AUTHOR’S  REPLY 

Yes.  SO  dB  is  an  exaggeration  or  upper  limit.  Perhaps  such  an  opaque  model  of  the  Antarctic  ice  cap  is  appropriate  in  view  of 
Barr’s  observations. 

R.  OTT 

In  regard  to  the  plot  of  reflection  loss  versus  incidence  angle,  how  do  the  results  change  for  the  higher  order  mode  numbers?  In 
general,  how  are  the  coupled  equations  for  the  transmission/reflection  coefficients  truncated  and  solved  for  the  higher-order  modes? 

AUTHOR’S  REPLY 

The  lowest  mode  will  be  critically  reflected  in  some  cases,  even  when  mode  conversion  is  non-negligible.  The  higher  order  mode 
conversion  is  calculated  by  truncating  the  system  of  equations  at  successively  higher  numbers  to  secure  convergence. 
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ABSTRACT 

Most  applications  of  long  radio  waves 
(ELF/VLF/LF/MF)  are  ground-based  and 
exploit  the  fact  that  such  signals 
can  propagate  to  great  distances  via 
reflections  from  the  lower 
ionosphere.  It  is  known  however 
that,  owing  to  the  influence  of  the 
earth's  magnetic  field,  long  wave 
signals  can  penetrate  through  the 
ionosphere  as  well;  at  times,  with 
relatively  little  loss,  depending  on 
ionospheric  conditions  and  other 
propagation  factors.  This  has 
prompted  investigations  of  the  long 
wave  "ionospheric  transmission 
window"  as  part  of  efforts  to  assess 
the  feasibility  of  deploying  long 
wave  emitters  in  space  for 
terrestrial  applications  and/or  for 
exploiting,  in  space,  signals 
emanating  from  ground-based  long  wave 
transmitters.  This  paper  outlines 
results  of  theoretical  and 
experimental  investigations  of  the 
ionospheric  transmission  window  over 
the  frequency  range  from  about  100  Hz 
to  500  kHz,  with  emphasis  on 
directional  issues  associated  with 
long  wave  penetration  of  the 
ionosphere . 

1.  INTRODUCTION 

For  discussion  purposes,  it  is 
convenient  to  refer  to  radio  waves 
having  frequencies  below  3000  kHz  as 
"long  waves".  Included  are  Extremely 
Low  Frequencies  (ELF) ,  Very  Low 
Frequencies  (VLF) ,  Low  Frequencies 


(LF),  and  Medium  Frequencies  (MF). 
Long  waves  propagate  to  distances 
well  beyond  line-of -sight  via  a 
number  of  different  modes .  These 
include  propagation  over  the  surface 
of  the  earth  by  diffraction  modes 
(ELF/VLF/LF/MF);  propagation  by 
transmission-line  type  modes  (ELF); 
and,  propagation  by  earth- ionosphere 
waveguide  modes  (VLF/LF/MF) . 

ELF  has  an  important  application  for 
military  communications  that  require 
wave  penetration  beneath  the  surface 
of  the  ocean;  the  VLF/LF  bands  are 
used  extensively  for  navigation  and 
military  communication;  and,  the  MF 
band  (from  535-1606  kHz)  is  used  by 
the  standard  AM  broadcast  systems. 
Long  waves  are  also  used  in  basic 
ionospheric  research,  lightning 
studies,  standard  frequency  and  time 
distribution,  geological  studies,  and 
minerals  exploration.  For  almost  all 
of  these  applications,  long  wave 
transmitters  and/or  receivers  are 
deployed  on,  or  relatively  near,  the 
surface  of  the  earth. 

It  is  well  known  that  long  radio 
waves  can  also  penetrate  through  the 
densest  regions  of  the  ionosphere; 
i.e.,  through  the  F-max  region,  where 
the  electron  density  is  many  orders 
of  magnitude  larger  than  that  needed 
to  completely  reflect  the  waves  if 
the  ionosphere  were  a  simple 
(unmagnetized)  plasma.  This 
transmission  window  is  due  to  the 
geomagnetic  field  of  the  earth,  which 
constrains  the  electron  motion 
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produced  by  Incident  electromagnetic 
waves.  The  study  of  "whistlers"  has 
shown  that  long  waves  from  lightning 
strokes  can  penetrate  the  ionosphere, 
follow  a  geomagnetic  field  line,  and 
return  to  the  earth  at  a  distant 
point.  This  type  of  hemisphere-to- 
hemisphere  propagation  occurs  under 
special  time-varying  conditions  which 
are  still  not  fully  understood. 
Related  research  has  focussed  on 
using  long  wave  whistler-mode 
propagation  to  trigger  electron 
precipitation  events  in  a  controlled 
manner.  Such  a  capability  could, 
ultimately,  have  interesting 
potential  application  in  reducing  the 
threat  posed  to  space  craft  by 
charged  particles  in  the  radiation 
belts.  Another  potential  application 
of  whistler-mode  propagation,  a 
space-based  ELF/VLF  transmitter  for 
communications  applications,  has  been 
considered  by  the  U.S.  Air  Force  and 
Navy  (most  extensively  in  the  late 
1960's  and  early  1970's)  but  has 
never  been  carried  past  the 
conceptua1  stage  owing,  primarily,  to 
the  large  technical  uncertainties  and 
potential  high  cost  of  deploying  such 
a  system. 

Technological  advances  over  the  past 
decade  and  recent  space -based 
experimental  activities  in  this  area, 
such  as  the  Soviet  Union's  ACTIVE  VLF 
satellite  and  NASA  electron-beam 
(SEPAC)  and  long  wire  experiments 
(WISP),  suggest  that  it  might  be 
useful  to  review  some  of  the 
characteristics  of  the  ionospheiic 
transmission  window,  as  it  applies  to 
long  radio  waves.  More  specifically, 
results  of  a  number  of  experimental 
and  computational  programs  conducted 
by  the  Phillips  Laboratory  of  the 
United  States  Air  Force  will  be 
described. 

2.  ROCKET  INVESTIGATIONS  OF  VLF 
PENETRATION  OF  THE  IONOSPHERE 

While  satellites  such  (e.g..  Ref  1) 
offer  many  attractions  (such  as 


coverage  of  very  large  geographic 
areas,  repeated  measurements  at 
different  times,  etc.)  for  VLF 
ionospheric  penetration  studies, 
there  is  an  important  role  for  rocket 
probe  experiments  (e.g.,  Ref  2) 
because  these  can  give  vertical 
amplitude-height  profile  information 
needed  for  understanding  and 
confirming  the  penetration  mechanism. 
In  the  1960’s  and  70 's  the  U.S.  Air 
Force  conducted  a  number  of  rocket - 
probe  experiments  to  explore  the  VLF 
transmission  window  of  the 
ionosphere,  measure  the  attenuations, 
and  obtain  other  data  of  potential 
interest  for  engineering 
applications.  The  experimental 
approach  is  illustrated  in  Figure  1. 
Briefly,  signals  from  distant  VLF 
transmitters  were  monitored  from  the 
ground  to  about  600  km  altitude  with 
receiving  systems  contained  in  the 
nose  cones  of  rockets  flown  from 
Eglin,  Florida,  Natal,  Brazil,  and 
Fort  Churchill,  Canada.  These 
locations  provided  an  opportunity  to 
investigate  the  relative  effect  of 
the  geomagnetic  field  on  the  long 
wave  penetration  properties,  since 
the  dip  angle  of  the  geomagnetic 
field  ranged  from  near  zero  degrees 
at  Natal,  sixty  degrees  at  Eglin,  and 
eighty-four  degrees  at  Ft.  Churchill. 

VLF  receiving  instrumentation  was 
contained  in  the  nose  cones  of 
sounding  rockets,  which  reached 
apogees  of  about  600  km  (well  above 
the  F-max  of  the  ionosphere)  during 
the  flights.  The  payload  included  an 
antenna  that  was  an  electrostatically 
shielded  air-core  loop,  shaped  to 
conform  to  the  fiberglass  nose  cone 
of  the  rocket.  In  flight,  the  axis 
of  the  rocket  was  nearly  vertical  so 
that  the  antenna  sensed  the 
horizontal  component  of  the  magnetic 
flux  density  of  the  signals  being 
monitored.  The  antenna  spun  with  the 
rocket  at  6  rps  typically,  and 
information  on  wave  polarization 
could  be  obtained  by  observing  the 
resulting  signal  modulations.  For  a 
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linearly  polarized  transverse 
magnetic  wave  there  were  two  maxima 
and  two  minima  in  each  revolution, 
while  for  circularly  polarized  waves 
the  signals  had  constant  amplitudes. 
In  the  circularly  polarized  case  the 
signal  frequency  differed  from  the 
wave  frequency  by  an  amount  equal  to 
the  rotational  frequency,  being 
greater  or  less  depending  on  the 
relative  directions  of  rotation. 

With  either  polarization  there  were 
additional  frequency  shifts  (Doppler) 
due  to  the  component  of  rocket 
velocity  in  the  wave  propagation 
direction.  When  signal -to-noise 
conditions  were  favorable,  the 
Doppler  shift  could  be  obtained  by 
allowing  for  the  relatively  constant 
rotational  shifts  produced  by  the 
spinning  rocket. 

The  base  of  the  antenna  contained  a 
solid  state  receiver  with  individual 
tuned  channels  to  monitor  various  VLF 
stations.  On  the  ground  the  original 
RF  signal  monitored  on  the  rocket  was 
recovered  from  the  telemetry  signal 
and  recorded  on  video  tape.  Another 
channel  recorded  the  RF  signal  from  a 
similar  payload  operated  in  a  fixed 
position  near  the  ground.  On 
playback,  the  rocket  and  ground 
signals  could  be  compared  cycle  by 
cycle  to  obtain  Doppler  information. 
It  was  also  pcssible  to  measure 
delays  in  arrival  times,  especially 
when  the  signals  consisted  of  dots 
and  dashes.  Since  the  percentage 
bandwidths  of  the  VLF  transmissions 
were  generally  small ,  the  observed 
signal  delays  could  be  assumed  to 
approximate  mathematical  group 
delays . 

2.1.  Signal  Profiles  for  the  Night 
Flight  at  Eglin,  Florida 

Three  VLF  stations,  NSS  (Annapolis, 
Maryland,  21.4  kHz),  NAA  (Cutler, 
Maine,  17.8  kHz),  and  NLK  (Jim  Creek, 
Washington,  18.6  kHz)  were  monitored 
during  the  Eglin  night  flight.  The 
propagation  paths  were  completely 


dark  during  the  flight  except  for  a 
small  portion  of  the  NLK-Eglin  path 
in  the  vicinity  of  the  transmitter. 
The  measured  amplitude-height 
profiles  observed  during  the  flight 
are  shown  in  Figure  2.  For 
comparison  purposes,  the  profiles 
have  been  formalized  with  respect  to 
a  reference  value  of  unity  on  the 
ground. 

Except  for  a  few  periods  when  the 
signal  from  NLK  was  lost  in  the 
noise,  signals  were  received  on  the 
rocket  from  all  three  stations  from 
the  ground  to  altitudes  of  500  km. 

The  NSS  and  NAA  signals  began  to 
decrease  shortly  after  lift-off  and 
passed  through  brief  minima  around  40 
km  altitude  (100  km  for  NLK).  After 
a  broad  minimum  between  100-200  km 
(200-300  km  for  NLK)  the  NSS  and  NAA 
signals  tended  to  recover  partially, 
while  the  signal  from  NLK  held 
relatively  steady. 

In  the  region  between  400-500  km,  the 
NLK,  NSS,  and  NAA  signals  were  16,  6, 
and  12  dB,  respectively,  below  their 
values  at  ground  level .  In  this 
sequence  it  happened  that  the  signals 
from  the  nearer  stations  penetrated 
the  ionosphere  better  than  those  from 
the  more  distant  ones ,  a  fact  which 
may  be  related  to  their  effective 
angles  of  incidence,  and  possibly  to 
the  geomagni  tic  field  conditions 
(this  will  be  discussed  in  more 
detail  later). 

The  amplitude  variations  from  250-500 
km  seen  in  the  NAA  profile  might  be 
due  to  a  standing  wave  pattern  set  Up 
by  reflections  from  some  still  higher 
altitude  or,  by  what  may  be  more 
likely,  the  interference  effects  of 
the  superposition  of  waves  belonging 
to  different  modal  systems  in  the 
earth-ionosphere  waveguide.  Since 
the  multiple  reflected  waves 
associated  with  the  higher  order 
modes  have  steeper  incidence  angles 
and  may  penetrate  the  ionosphere 
better,  it  may  be  that  their 
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influence  on  the  shape  of  the  wave 
amplitude  profile  is  relatively  more 
pronounced  in  and  above  the 
ionosphere  than  in  the  waveguide 
below. 

2.1.1.  NAA  Polarization  Profile  for 
the  Eglin  Night  Flight 

A  measure  of  wave  polarization  was 
obtained  from  the  "spin  modulation" 
quantity  (1  -  Amin/Amax),  where  Amin 
and  Amax  are  respectively,  the 
minimum  and  maximum  signal  amplitudes 
observed  during  one  revolution  of  the 
payload's  loop  antenna.  Figure  3 
shows  the  percent  modulation-height 
profile  for  the  signals  from  NAA. 

Near  the  ground  the  modulation  was 
nearly  100  percent,  indicating  that 
the  propagating  wave  in  the  earth- 
ionosphere  waveguide  was  linearly 
polarized,  as  would  be  expected. 

Above  250  km  the  modulation  was  very 
slight,  indicating  circular 
polarization;  i.e.,  the  magnetic  flux 
density  vector  was  rotating,  rather 
than  oscillating.  As  seen  by  an 
observer  looking  in  the  direction  of 
propagation,  the  rotation  was 
clockwise,  as  would  be  expected  for 
whistler  propagation.  The  minima  at 
40,  110,  and  190  km  are  roughly 
coincident  with  the  signal  amplitude 
minima  shown  earlier. 

2.1.2.  NAA  and  NSS  Signal  Delays  for 
the  Eglin  Night  Flight 

Figure  4  gives  the  variations  of  the 
NAA  and  NSS  signal  delays  with 
altitude,  obtained  by  monitoring  the 
dots  and  dashes  received  on  the 
rocket  payload  and  comparing  them  to 
those  received  on  the  ground.  The 
rocket  signal  delays  lagged  the 
signals  on  the  ground  by  considerably 
more  than  the  millisecond  maximum 
delay  that  could  be  attributed  to  the 
delay  over  the  telemetry  link.  The 
signal  delays  became  noticeable 
around  250  km,  and  increased  to  12  ms 
near  apogee  at  500  km. 


2.1.3.  Interpretation  of  the  Eglin 
Night  Flight  Data 

The  similarities  of  the  signal  delay 
profiles  of  NAA  and  NSS,  and  the 
basic  features  of  the  amplitude 
profiles  shown  earlier  suggest  that 
the  fields  observed  in  and  above  the 
ionosphere  were  due  to  power  leaking 
off  from  the  earth- ionosphere 
waveguide  in  a  coherent  manner  from 
directly  below  the  rocket  probe. 
Figure  5(A)  shows  a  representation  of 
a  model  of  this  penetration  mechanism 
consisting  of  three  regions:  (1)  the 
earth-ionosphere  waveguide,  (2)  a 
transition  region  in  the  lower 
ionosphere,  and  (3)  a  region  of 
whistler  wave  propagation.  It  is 
postulated  that  the  wave  patterns  in 
regions  (2)  and  (3)  are  rigidly  tied 
to  the  pattern  in  region  (1),  which 
carries  the  main  energy  flow,  and 
that  the  whole  wave  pattern  moves 
from  left  to  right  with  the  phase 
velocity  of  the  wave  guide.  Since 
the  phase  velocity  in  region  (3)  can 
be  very  much  less  than  in  region  (1), 
the  equiphase  surfaces  are  shown 
sharply  bent  back,  being  nearly 
horizontal  around  the  altitude  of 
maximum  electron  density. 

In  the  rocket  experiment,  the 
vertical  velocity  of  the  receiving 
antenna  relative  to  the  wave  produced 
a  Doppler  shift  of  a  few  cycles  per 
second  in  the  region  of  circular 
polarization  (3).  The  Doppler  shifts 
for  the  relatively  strong  NAA  signal 
were  converted  to  give  the  refractive 
index  profile  in  Figure  5(B),  based 
on  the  assumption  that  the  rocket 
trajectory  was  approximately 
perpendicular  to  the  wave  fronts  as 
suggested  by  the  penetration  model . 
The  refractive  index  data  was  then 
converted  to  the  electron  densities 
shown  in  Figure  5(C).  The  solid 
curve  depicts  the  derived  electron 
densities,  while  the  dotted  one  shows 
values  up  to  the  F-max  region 
obtained  with  a  conventional  HF 
ionosounder  operated  at  Cape  Kennedy. 
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The  agreement  between  the  two  results 
is  very  good. 

The  amount  of  tilt  of  the  equiphase 
surfaces  can  be  estimated  using 
Snell's  Law,  the  inclination  being 
approximately  sin"1  (1/n),  where  n  is 
the  index  of  refraction.  For  n  -  36, 
from  Figure  5(B),  the  angle  of 
inclination  is  1.6  degrees. 

For  a  given  electron  density  profile , 
the  group  delay  is  inversely 
proportional  to  the  square  root  of 
frequency,  so  that,  theoretically, 
the  signal  delay  for  NAA  (17.8  kHz) 
should  be  about  10  percent  larger 
than  that  for  NSS  (21.4  kHz).  By 
closely  comparing  the  signal  delays 
at  500  km  altitude,  it  was  found  that 
the  observed  signal  delay  for  NAA 
actually  was  nearly  10  percent  larger 
than  that  for  NSS. 

2.2.  Signal  Profiles  for  the  Day 
Flight  at  Eglin 

The  amplitude -height  profiles  of  the 
signals  from  NSS  and  NAA  observed 
during  the  day  flight  at  Eglin  are 
given  in  Figure  6,  where  it  is  shown 
that  the  NSS  signal  was  monitored  to 
only  about  90  km  altitude,  where  the 
signal  was  20  dB  below  the  ground 
value  and  became  lost  in 
instrumentation  noise.  The  profile 
is  smoother  than  the  one  obtained  on 
the  night  flight;  e.g.,  instead  of 
the  minimum  around  35  km  (Figure  2), 
there  is  merely  an  inflection  near 
the  25  km  altitude.  This  is 
consistent  with  the  notion  that 
higher  order  modes  are  less  prominent 
in  the  daytime. 

The  corresponding  amplitude-height 
profile  for  NAA  shows  a  rapid 
decrease  in  signal  shortly  after 
lift-off.  After  reaching  a  -30  dB 
minimum  at  an  altitude  of  70  km,  the 
signal  recovered  to  a  level  around  - 
20  dB  which  was  maintained  with  only 
minor  variations  up  to  500  km.  This 
signal  was  about  8  dC  less  than 


observed  at  night,  due  to  collision 
losses  in  the  daytime  D-region  of  the 
ionosphere. 

The  signal  from  NAA  was  strong  enough 
during  the  day  flight  to  allow  group 
delays  to  be  estimated  from  its  dots 
and  dashes  at  a  number  of  altitudes. 
At  520  km  the  delay  was  about  30  ms, 
about  twice  the  corresponding 
nighttime  delay,  which  would  suggest 
that  the  average  electron  density  at 
this  altitude  was  approximately  four 
times  greater  in  the  day.  This  is  in 
reasonable  agreement  with  estimates 
of  total  electron  content. 

2.3.  Day  Flight  at  Natal,  Brazil 

The  wave  penetration  in  the  coherent 
model  discussed  earlier  is  controlled 
by  the  vertical  component  of  the 
geomagnetic  field,  which  permits  the 
wave  fronts  to  travel  in  an 
essentially  vertical  direction.  At 
the  magnetic  equator  the  vertical 
field  component  is  zero  and  the 
penetration  mechanism  fails,  so  that 
signal  levels  above  a  few  hundred 
kilometers  in  the  ionosphere  should 
be  vanishingly  small.  As  a  test  of 
this  "blind  zone"  hypothesis,  signals 
from  six  VLF  stations  were  monitored 
at  the  geomagnetic  equator  in  a  day 
rocket  flight  at  Natal,  Brazil. 

Except  for  minor  fluctuations,  all 
six  decreased  as  the  rocket  rose, 
practically  disappeared  around  100 
km,  and  were  not  observed  again  until 
after  the  rocket  reached  apogee  (660 
km)  and  returned  to  the  100  km 
altitude  region.  Figure  7  gives 
three  of  the  amplitude -height 
profiles,  NBA  (Panama,  24  kHz),  NSS, 
and  NAA  obtained  during  the  flight. 
The  NAA  signal  was  strong  enough  on 
the  ground  to  permit  the  conclusion 
that  the  signal  above  100  km  were  at 
least  30  dB  down.  This  contrasts 
with  the  results  of  the  Eglin  day 
flight,  for  which  the  NAA  signal  at 
some  altitudes  above  100  km  was  only 
down  about  17  dB.  The  Natal  results 
were  consistent  with  the  "blind  zone" 
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hypothesis  to  within  the  dynamic 
range  of  the  measurements. 

Although  intelligible  signals  were 
not  detected  above  the  noise  above 
90-100  km  at  Natal,  sometimes  curious 
"blips"  appeared  in  the  NAA  signal 
channel.  These  had  durations  of 
about  10  ms,  noticeably  shorter  than 
the  IS  ms  dots  of  the  code  being 
transmitted  by  the  stacion,  but 
longer  than  most  sferlcs  noise - 
bursts.  No  time  correlation  was 
found  between  the  occurrence  of  a 
blip  and  any  signals,  signal  changes, 
or  noise  bursts  seen  by  the  ground 
observation  receiver.  Yet,  since  no 
such  blips  appeared  in  any  of  the 
other  signal  channels  which  had 
comparable  sensitivities  and 
bandwidths,  the  possibility  that  the 
blips  were  somehow  related  to  the  NAA 
signal  cannot  be  ruled  out.  Shown  in 
Figure  7  is  the  profile  of  the 
combined  NAA  signal  and  noise  drawn 
to  a  scale  to  include  apogee.  The 
blips  mainly  appear?-'  in  the  altitude 
regions  marked  by  A,  B,  and  C. 

If  the  blips  observed  in  the 
experimental  data  were  "real"  the 
question  arises  as  to  how  the  NAA 
signals  got  to  the  high  altitudes 
above  Natal .  It  may  be  that  they 
penetrated  the  ionosphere  at  a  higher 
latitude,  where  there  was  a  vertical 
geomagnetic  field  component,  and  were 
then  somehow  coupled  to  the 
horizontal  geomagnetic  field  lines 
that  the  rocket  probe  from  Natal 
intercepted.  This  requires  further 
investigation. 

2.4.  Day  Flight  at  Fort  Churchill, 
Canada 

A  rocket  probe  with  a  660  km  apogee 
was  made  at  Fort  Churchill ,  Canada , 
where  the  geomagnetic  field  is  both 
stronger  and  more  nearly  vertical 
than  at  Eglin  (see  Table  1).  The 
amplitude-height  profiles  for  the 
three  VLF  stations  monitored  during 
the  flight  are  shown  in  Figure  8.  In 


none  of  the  cases  was  a  signal 
definitely  received  and  identified 
above  about  70  km.  This  was 
unexpected  based  on  the  penetration 
model  previously  developed  from  the 
Eglin  data  and  discussed  in 
conjunction  with  Figure  5. 

2.4.1.  Comparison  of  the  Eglin  and 
Ft.  Churchill  NAA  Data 

NAA  is  nearly  equidistant  from  Ft. 
Churchill  and  Eglin,  so  that  it  is 
interesting  to  compare  the  daytime 
amplitude-height  profiles  that  were 
obtained  at  those  locations.  Figure 
9  shows  both  profiles  to  the  same 
scale.  Below  70  km  the  profiles  are 
very  similar;  but  above  that 
altitude,  the  signal  at  Ft.  Churchill 
failed  to  recover,  with  the 
penetrating  signal,  if  any,  being  at 
least  20  dB  weaker  than  at  Eglin.  In 
light  of  the  penetration  mechanism 
outlined  earlier,  this  is  surprising 
since  the  vertical  component  of  the 
geomagnetic  field  at  Ft.  Churchill  is 
even  stronger  than  at  Eglin.  The 
difference  might  be  due  to  higher  D- 
region  absorption  at  Ft.  Churchill, 
or  different  geomagnetic  field 
orientation  with  respect  to  the 
propagating  signals  from  NAA,  or  a 
combination  of  both. 

An  aspect  of  the  orientation  issue, 
illustrated  in  Figure  10,  can  be  cast 
as  follows:  for  the  northward 
directed  geomagnetic  field,  is  there 
an  appreciable  difference  in  the 
penetration  losses  for  waves  from  NAA 
propagating  to  the  south  (toward 
Eglin,  Florida)  compared  to  those 
propagating  to  the  north  (toward  Ft. 
Churchill)?  The  schematic  suggests 
that  the  coupling  of  waves  to  the 
geomagnetic  field  might  "smoother" 
(less  lossy)  for  southward 
propagation.  To  investigate  this, 
normalized  17.8  kHz  wave  amplitude- 
height  profiles  were  computed  using  a 
nominal  night-time  electron  density 
of  the  ionosphere.  The  problem  was 
oversimplified  in  that  the  earth  and 
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the  ionosphere  were  taken  to  be  plane 
surfaces,  and  the  wave  structure 
between  them  was  considered  to 
consist  of  up-  and  down-going  plane 
waves,  with  incidence  angles  of  87.3 
degrees,  chosen  to  represent  the 
first  propagating  mode  with  a 
magnetic-type  ionospheric  boundary. 

A  full -wave  computer  program  (Ref  3) 
was  used  to  calculate  the  penetrating 
and  reflecting  waves,  and  the  total 
horizontal  magnetic  field  vectors 
(the  major  axes  of  the  polarization 
ellipses)  were  then  determined  by 
vector  addition.  The  resulting 
amplitude-height  profile  computed  for 
north- to -south  and  south-to-north 
wave  propagation  directions,  with 
respect  to  the  geomagnetic  field,  are 
given  in  Figure  11.  From  these 
simple  calculations,  the  southward 
propagating  wave  couples  into  the 
ionosphere  with  less  loss  than  the 
northward  propagating  wave.  However, 
it  is  not  clear  whether  this  effect 
alone  is  sufficient  to  account  for 
the  observed  difference  between  the 
Eglin  and  Ft.  Churchill  NAA 
ionospheric  penetration  data.  This 
problem,  the  points  raised  earlier 
concerning  the  penetration  of  h:«her 
order  modes,  and  the  "blips"  observed 
in  the  NAA  data  at  the  geomagnetic 
equator  all  suggest  that  further 
ionospheric  penetration  experiments 
would  be  necessary  to  help  resolve 
such  issues.  The  Ft.  Churchill  VLF 
penetration  experiments,  however, 
completed  the  U.S.  Air  Force's 
experimental  research  in  this  area. 

3.  COMPUTATIONS  OF  LONG  HAVE 
IONOSPHERIC  PENETRATION 

A  number  of  computational  studies 
performed  in  conjunction  with  the 
rocket-probe  experiments  have  bearing 
on  some  of  the  penetration  issues 
outlined  above.  These  illustrate 
clearly  the  variability  of  the 
penetration  of  long  radio  waves 
through  the  ionosphere  in  terms  of  a 
variety  of  factors,  including  wave 
frequency,  ionospheric  conditions, 


geomagnetic  field  conditions,  wave 
incidence  angle  on  the  ionosphere, 
and  direction  of  wave  propagation 
with  respect  to  the  geomagnetic 
field. 

3.1.  Ionospheric  Penetration  Losses 
for  Normal/Disturbed  Conditions 

Figure  12  shows  computations  by 
Booker,  Crain,  and  Field  (Ref  A)  of 
daytime  long  wave  penetration  losses 
for  normal  (ambient)  and  disturbed 
ionospheric  conditions,  for  waves 
propagating  parallel  to  the 
geomagnetic  field.  As  such,  the 
results  represent  a  "best"  case  (as 
discussed  later) .  Under  normal 
conditions,  the  daytime  penetration 
losses  are  below  about  30  dB  for 
frequencies  below  about  20  kHz.  The 
"disturbed"  case  represents  a 
situation  in  which  electron  densities 
in  the  ionosphere  below  70  km  were  2- 
3  orders  of  magnitude  higher  than 
under  normal  conditions;  a  condition 
that  sometimes  occurs  for  relatively 
long  periods  in  the  polar  cap 
following  large  eruptions  on  the  sun 
(so-called  solar  proton  events,  or 
SPE's).  Except  for  the  very  lowest 
frequencies  (below  about  100  Hz) ,  the 
increased  absorption  in  the  lower  is 
effectively  prohibitive. 

Figure  13  gives  related  results  of 
full -wave  computations  of  ionospheric 
penetration  losses  for  plane  waves, 
over  the  15  kHz-500  KHz  range,  under 
nominal  day-  and  night-  ionospheric 
conditions.  Northern  hemisphere, 
mid-latitude  parameters  were  assumed; 
and,  the  direction  of  wave 
propagation  was  parallel  to  the 
geomagnetic  field  (i.e.,  for  the 
geomagnetic  parameters  chosen,  the 
plane  waves  were  propagating  to  the 
south,  with  an  incidence  angle  of  20 
degrees).  Again  (as  shown  later), 
this  corresponds  to  optimum 
ionospheric  penetration  conditions. 

Similar  to  the  previous  example,  the 
normal  daytime  penetration  losses 
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increase  relatively  sharply  with 
increasing  wave  frequency.  For  the 
nighttime  case,  however,  the  losses 
are  small,  even  for  frequencies  well 
above  a  few  hundred  kilohertz.  This 
suggests,  for  example,  that  it  should 
be  possible  under  the  appropriate 
nighttime  conditions  to  receive 
Loran-C  navigation  signals  (100  kHz) 
and  standard  AM  broadcast  signals  (in 
the  lower  band  around  600  kHz)  in 
space . 

3.2.  Computations  Relating  to  the 
Coupling  Issue 

As  described  earlier  in  conjunction 
with  Figures  10  and  11,  the  large 
differences  between  the  NAA 
penetration  data  acquired  at  Eglin 
and  Ft.  Churchill  (there  was  little, 
if  any,  penetration  at  Ft.  Churchill) 
prompted  computational  investigations 
of  some  of  the  directional  issues 
associated  with  long  wave  coupling 
into  the  ionosphere.  Figure  14  gives 
the  results  of  calculations  to 
investigate  this  issue  further 
(magnetic  dip  -  70  degrees;  wave 
incidence  angle  -  20  degrees).  At 
the  lower  VLF  frequencies,  the 
calculations  show  only  a  few  dB 
differences  between  waves  propagating 
to  the  north  and  to  the  south; 
however,  the  computed  differences 
become  quite  large  as  the  wave 
frequency  increases.  For  example,  at 
100  kHz  for  this  nighttime  example, 
the  penetration  loss  is  only  a  few  dB 
for  propagation  to  the  south,  but  is 
more  than  20  dB  for  propagation  to 
the  north.  Hence,  if  one  was  to  look 
for  100  kHz  signals  in  space  from  a 
Loran  C  station,  for  example,  it 
appears  that  they  might  be  observable 
only  southward  of  the  transmitter. 

At  higher  frequencies,  the 
differences  in  north/south 
penetration  losses  shown  in  Figure  14 
are  even  more  dramatic  and  severe. 

3.3.  Incidence  Angle  Effects 
Some  of  the  computed  results 


discussed  above  were  for  what  was 
termed  "best"  or  "optimum" 
penetration  conditions.  As 
illustrated  by  the  results  given  in 
Figure  14,  one  optimum  condition  is 
wave  propagation  to  the  magnetic 
south  for  a  northward  directed 
geomagneti'c  field.  Another  optimum 
condition  relates  to  the  incidence 
angle  of  the  waves  on  the  ionosphere, 
as  illustrated  in  Figure  15 .  for 
which  penetration  losses  were 
computed  for  southward  propagating 
waves  as  a  function  of  incidence 
angle  on  the  ionosphere.  For  the  15 
kHz,  100  kHz,  and  300  kHz  examples 
shown,  the  penetration  losses  were 
least  for  an  incidence  angle  near  20 
degrees,  which  corresponds  to  a  plane 
wave  propagating  parallel  to  the 
geomagnetic  field  (whose  dip  angle 
was  assumed  to  be  70  degrees  for  the 
computations).  In  all  crses,  the 
penetration  losses  incre<  se  for 
incidence  angles  departiig  from  that 
optimum  condition.  The  jenetration 
losses  become  progressively  steeper 
and  more  prohibitive  as  the  wave 
frequency  increases  and  as  the 
incidence  angles  vary  away  from  the 
minimum-loss  condition.  The  results 
indicate  that  although  frequencies 
well  above  100  kHz  from  ground-based 
transmitters  may  penetrate  the 
nighttime  ionosphere  under  suitable 
propagation  conditions,  the 
location(s)  at  which  they  might  be 
received  in  space  may  very  well  be 
very  highly  restricted. 

3.4.  Tracking  Long  Haves  Through 
the  Ionosphere 

The  computational  results  described 
above  represent  numerical  solutions 
for  infinite  plane  waves  incident  on 
a  horizontally  uniform  model 
ionosphere.  However,  the  waves  from 
a  real  long  wave  transmitter  are 
divergent,  and  might  be  more 
accurately  described  as  spherical 
rather  than  plane.  There  is  then  a 
question  as  to  the  realism  of  plane 
wave  solutions  in  certain  real 
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scenarios.  The  basic  mathematics  for 
investigating  this  question  already 
exist  (e.g.,  Ref  5),  but  the 
procedures  required  are  not  easy  to 
implement.  However,  some  progress 
has  been  made  on  a  related  question: 
"what  path  would  a  collimated  beam  of 
long  waves  follow  in  the  ionosphere?" 

As  outlined  schematically  in  Figure 
16,  a  simple  beam  can  be  constructed 
by  combining  the  fields  of  two  plane 
waves  of  the  same  amplitude  and 
frequency  but  with  slightly  different 
angles  of  incidence.  For  a  given 
field  component,  say  the  transverse 
magnetic  field,  this  gives  an 
interference  pattern  in  the  vertical 
plane.  By  tracing  the  interference 
maxima  a  beam  path  or  "wave  track"  is 
obtained.  The  process  has  a 
classical  analog  in  the  theory  of 
Group  Velocity  in  which  two  waves  in 
the  same  direction  but  with  slightly 
different  frequencies  are  combined  to 
give  an  interference  pulse. 

Figure  17  illustrates  the  results  of 
"tracking"  the  maximum  of  the 
combined  fields  of  two  15  kHZ  plane 
waves,  one  propagating  with  an 
incidence  angle  of  40  degrees,  the 
other  with  an  incidence  angle  of  50 
degrees,  as  they  penetrate  a 
nighttime  ionosphere.  If  the 
combined  fields  represent, 
effectively,  the  "track"  of  a  plane 
wave  incident  on  the  ionosphere  at  an 
angle  of  45  degrees,  the  computation 
indicates  that  the  wave  undergoes  an 
appreciable  off-set  as  it  penetrates 
the  ionosphere  from  the  ground.  It 
must  be  noted  that  the  validity  of 
this  "wave -tracking"  concept  and 
computational  approach  has  not  been 
subjected  to  rigorous  testing. 
Nevertheless,  the  "off-set"  issue 
raised  here  is  an  intriguing  one  and 
it,  along  with  some  of  the  other 
results  and  issues  raised  in  earlier 
Figures,  indicate  that  further 
investigation  is  needed  to  fully 
characterize  the  long  wave 
ionospheric  transmission  window. 


4.  CONCLUDING  COMMENTS 

The  discussions  above  have  focussed 
on  experimental  and  computational 
studies  relating  to  the  penetration 
of  long  radio  waves  up- through  the 
ionosphere.  Most  of  the  results  and 
issues  raised,  however,  relate  to  the 
penetration  of  long  radio  waves  down- 
through  the  ionosphere,  as  well.  One 
primary  issue  for  either  case  are  the 
effective  losses  incurred  in 
penetration  of  the  ionosphere  by  long 
waves.  These  depend  upon  a  number  of 
factors  as  illustrated  by  the  results 
shown  earlier.  Via  reciprocity 
arguments,  the  effective  losses 
should  be  the  same  for  up-  or  down¬ 
going  plane  waves  that  are 
propagating  parallel  to  the 
geomagnetic  field.  As  indicated 
earlier,  the  losses  can  increase 
dramatically  for  non-parallel 
propagation,  depending  on  wave 
frequency.  The  results  indicate  that 
ELF/VLF  radio  waves  can  penetrate  the 
ionosphere  with  relatively  little 
loss;  and,  under  more  restrictive 
conditions,  LF,  and  even  MF  waves  up 
to  about  500-600  kHz,  can  penetrate 
the  ionosphere  without  suffering 
prohibi t i ve  abs  or pt i on . 

Another  key  issue  involves  the 
coupling  of  signals  out -of  or  in- to 
the  earth- ionosphere  waveguide.  As 
illustrated  earlier,  the  coupling 
out -of  the  waveguide  in  the  northern 
hemisphere  (where  the  geomagnetic 
field  is  pointing  northward)  is  most 
efficient  for  waves  propagating  to 
the  south.  Alternately,  reciprocity 
considerations  indicate  that  the 
excitation  of  northward  propagating 
waves  in  the  earth- ionosphere 
waveguide  by  waves  penetrating  down- 
through  the  ionosphere  may  be  more 
efficient  than  the  excitation  of 
southward  propagating  waves.  The 
issue  pertains  to  potential  coverage- 
areas  on  or  near  the  surface  of  the 
earth  that  would  be  provided  by  long 
wave  sources  in  space. 
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Detailed  knowledge  of  many  long  wave 
penetration  issues  is  still  lacking 
due,  primarily,  to  the  lack  of  a 
sufficiently  large  and  diverse  set  of 
experimental  data.  Overall,  there  is 
a  paucity  of  pertinent,  quantitative, 
data  from  satellite  monitoring  of 
ground-based  long  wave  transmissions; 
and,  to  date,  no  man-made  long  wave 
transmissions  from  space  have  been 
received  on  the  ground.  If  plans  for 
future  experiments  in  these  areas  are 
carried  out  successfully,  this  will 
hopefully  change  so  that  the  basic 
question  of  where  in  space  do  long 
wave  transmissions  from  the  earth 
reach  (or,  where  on  the  earth  will 
long  wave  transmissions  from  space  be 
accessible)  will  be  adequately 
addressed  and  answered. 
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ROCKET 


Figure  1.  Rocket  Probe  Investigations 

of  VLF  Ionospheric  Transmission 


ALTITUDE  -KM 


Figure  8.  Ft.  Churchill  VLF  Penetration  Data;  Day 
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Figure  9.  Comparison  of  Eglin  and  Ft.  Churchill 
VLF  Ionospheric  Penetration  Data 


Figure  10.  Coupling  Issue 


RELATIVE  AMPLITUDE 

Figure  11.  Calculated  Example  of  a  Directional 

Effect  on  VLF  Ionospheric  Penetration 


Figure  13.  Long  Wave  Ionospheric  Figure  14.  Long  Wave  Ionospheric 

Penetration  Loss;  Optimum  Penetration;  Directional 

Case  Effects 


Figure  15.  Long  Wave  Ionospheric  Penetration; 
Incidence  Angle  Effects 


*  Ray  Ones:  Not  Adequate  foe  VLF 

*  Group  Theory:  Two  Maves-Same  Incidence  Angle/Different  Frequencies 

*  WAVETRACK:  Two  Waves-Same  Frequency/Different  Incidence  Angles 


Figure  17.  WAVETRACK  Example 
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DISCUSSION 


J.  WAIT 

1.  Did  you  deal  explicitly  with  the  source  in  the  full  wave  calculation  of  the  penetration  lota? 

2.  Alto,  I  think  it  would  be  interesting  to  apply  reciprocity  to  the  case  where  the  source  is  in  the  ionosphere  and/or  the 
magnetosphere. 

AUTHOR’S  REPLY 

1.  No.  We  took  an  admittedly  simplified  approach  to  investigate  relative  effects  relating  to  the  penetration  of  long  waves  up 
through  the  ionosphere.  Specifically,  we  computed  the  penetration  of  infinite  plane  waves,  incident  on  a  horizontally  stratified 
ionosphere,  for  a  wide  range  of  propagation  conditions.  To  deal  appropriately  with  the  source,  a  much  more  rigorous  approach, 
such  as  outlined  in  works  by  Budden,  Galejs,  and  Writ,  for  examine,  should  be  done.  We  were  not  computationally  set  up  to 
handle  such  a  treatment 

2.  I  agree;  however,  another  somewhat  thorny  issue  arises  when  the  source  ia  to  be  embedded  in  a  magnetizied  plasma.  Do  we 
understand  the  interactions  and  coupling  between  it  and  the  medium  well  enough  to  adequately  describe  its  radiation  characteristics 
(patterns,  etc.)?  This  issue  certainly  wu  of  great  concern  to  U.S.  Navy  researchers  when  they  were  contemplating  the  development 
of  a  satellite -bo  me  long-wave  transmitter  twenty  years  ago  or  so,  and  the  issue  still  remains  a  difficult  one  to  resolve  today  as  well. 

M.  PITTEWAY 

At  around,  say.  10  kHz,  we  would  expect  a  refractive  index  of  10  or  20  in  the  whistler  medium.  If  we  have  an  airborne  VLF 
transmitter,  therefore,  transmission  to  the  earth  would  only  be  possible  through  a  narrow  cone  of  angles.  Other  angles  must  be 
reflected  or  absorbed,  so  most  of  the  transmitted  energy  will  be  lost  to  us?  (The  refraction  gives  an  earth-based  VLF  transmitter  an 
effective  polar  diagram  of  just  a  few  degrees  in  the  whistler  medium.  Die  airborne  transmitter  enjoys  no  inch  advantage). 

AUTHOR’S  REPLY 

The  computations  discussed  in  the  talk  centered  on  the  upward  penetration  of  infinite  plane  waves  incident  on  a  horizontally 
stratified  ionosphere.  Although  the  focus  was  on  waves  incident  from  below,  reciprocity  considerations  show  that  the  results  can  be 
used  to  obtain  information  relating  to  plane  waves  penetrating  down  through  the  ionosphere  as  well.  Your  comment  actually  deals 
with  the  same  one  Dr.  Writ  has  just  brought  up:  what  signals  will  be  received  in  space  (or  on  the  ground)  for  real  long-wave 
sources  on  the  ground  (or,  in  space)?  As  mentioned  earlier,  those  much  more  vigorous  computations  are  beyond  the  scope  and 
emphasis  of  the  present  paper. 


THE  EFFECTS  OF  MULTIPATH  SCATTER  FROM  WIND  DRIVEN  GRAVITY 
WAVES  ON  LINES  OF  BEARING  SERVING  AS  DIRECTION  FINDERS 


3-1 


by 


R.H.  Olt 


ABSTRACT 


General  Research  Corporation 
1601  Randolph  Road  SE 
Suite  200  S 

Albuquerque,  NM  87106 
United  States 


Unambiguous  locations  for  target  transmitters  are 
based  on  lines  of  bearing  (LOB’s)  obtained  by 
radio  direction  finding  (DF)  methods.  These  target 
location  estimates  based  on  intercepted  LOB’s  are 
subject  to  error  if  multipath  exists.  Tnis  multipath 
may  result  from  skywave  interference  or  seascattcr 
from  rough  seas.  Skywave  multipath  becomes 
important  for  ranges  greater  than  300  km  while 
ground  wave  multipath  may  be  significant  for 
ranges  less  than  about  100  km.  Although,  the 
groundwave  loss  may  be  greater  than  the  one-hop 
skywave  mode,  it  may  be  comparable  to  the  loss 
associated  with  the  two-hop  mode.  Therefore  both 
groundwave  and  skywave  multipath  may 
contribute  to  LOB  errors  for  a  given  fleet  exercise. 
For  the  case  of  skywave  multipath,  newer  DF 
systems  will  be  able  to  differentiate  skywave  signals 
from  ground  wave  signals  when  the  elevation  angle 
is  greater  than  about  18*. 


2  ANALYSIS 


The  total  z-component  for  the  Hertz  vector  for  the 
geometry  in  Figure  1  is 
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In  this  paper  groundwave  multipath  is  estimated 
using  the  compensation  theorem.  This  method 
provides  a  convenient  analytical  tool  for  relating 
the  change  in  mutual  impedance  between  a 
transmitting  monopole  and  a  receiving  loop  over  a 
rough  sea  surface  and  a  flat  sea.  The  change  in 
mutual  impedance,  in  turn,  is  related  to  the  change 
in  current  in  each  of  the  receiving  loops  used  to 
generate  LOB’s. 

Some  predicted  and  observed  examples  of  fleet 
exercise  LOB  errors  from  wind  generated  swell  will 
be  given  based  on  target  transmitter  frequency, 
wind  direction  and  speed  of  the  ship  carrying  the 
DF  system. 
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The  ability  to  detect  low-flying  missiles  is  of  crucial 
concern  to  modern  naval  fleets.  Unambiguous 
locations  for  target  transmitters  arc  based  on  lines 
of  bearing  (LOB’s)  obtained  by  radio  direction 
finding  (DF)  methods.  These  target  location 
estimates  are  subject  to  error  if  rough  sea 
multipath  exists.  This  paper  addresses  the  errors 
in  LOB’s  when  sea  multipath  occurs.  The 
mathematical  approach  uses  the  Monteath 
Compensation  Theorem  [1]  relating  the  change  in 
mutual  impedance  between  the  transmitting 
monopole  and  receiving  loop  antennas. 


(3) 

and  the  time  dependence  is  e  ~ ,ut.  For  the  case  of 
an  antenna  on  an  OUTBOARD  ship,  the  angle  0  in 
(1)  is  near  j  and  the  direct  and  reflected  waves 
cancel  leaving  only  the  Norton  surface  wave  to 
propagate  the  signal  from  the  target  ship.  The 
Norton  surface  wave  in  (1),  normalized  to  the  free- 
space  field  is 
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Figure  1.  Geometry  of  Sea  Multipath 


Figure  2  shows  the  geometry  of  the  transmitting 
monopole  and  the  receiving  loop  on  the 
OUTBOARD  ship  in  frame  x,  y,  z.  The  fields  of 
the  receiving  loop  are  given  approximately  by 
(assuming  the  loops  axis  is  nearly  perpendicular  to 
the  z-axis;  i.e.,  the  loop  is  electrically  close  to  the 


surface  of  the  sea). 

£*=  0 

(8a) 

Ey=  0 

(8b) 

Figure  2.  Geometry  of  transmitting  monopole  on 
target  ship  and  receiving  loop  on  outboard  ship. 
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=  0!+  wind-direction  (8e) 

and  i)a  =  120  r  ohms,  IB  is  the  current  in  the 
loop,  S  is  the  loop’s  effective  area,  and  S  is  the 
angle  the  loops  horizontal  axis  makes  with  the 
vector  R  in  Figure  2. 

Using  the  following  first-order  approximation  to 
the  complete  compensation  theorem;  i.e.,  assuming 
E  is  the  unperturbed  field  and  H  is  the  perturbed 
field  [2],  yields  the  change  in  mutual  impedance 
between  the  loop  and  the  monopole, 


where  we  have  used  only  the  leading  term  in 
equation  (1). 
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From  equation  (4),  the  magnetic  field  of  a 
transmitting  monopole  on  the  target  ship  is 
approximated  by 
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which  accounts  for  induction  field  effects  of  the 
monopole  over  the  rough  sea  and 
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where  E  is  the  field  of  the  receiving  loop,  H  is  the 
field  of  transmitting  monopole,  and  E  and  H  are 
defined  above  in  (5),  (6)  and  (8),  and  ZAB  is  the 
mutual  impedance  between  the  monopole  and  loop 
when  the  sea  is  smooth;  i.e., 


ZAB  ~ 


VoPShAsm  6  kR 


2¥7T 


e1  1  (kR  >  1)  (10) 


and  the  unit  normal  e„  to  the  rough  sea  is 
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where  hA  is  the  monopole  height  above  sea  water. 
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with  (x)  the  local  slope  of  the  rough  sea  surface. 
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Substituting  (5),  (6),  (8)  and  (11)  into  (9)  gives  R  =  20  (Jt2x  a2)2  ~  10  "2n, 


j  =  {ft  cost/2)  |  <'(*)  exp  ( -  ikx  cost) 


for  a/ A  =  1/60 


[4,  p.  182,  fig.  5.5] 


H{1)  ( kz  cost)  dz , 


The  limits  of  integration,  za  and  xv  are  such  that 
we  can  use  the  asymptotic  expansion  for  the 
Hankel  function,  By)  (r),  as 


|l/2  e-i3*/4 


ff^1’  {kz  cost)  ~ 


j ikx  c o$4> 

and  substituting  in  (12)  yields  the  result 


*in.p  =  *Jar 


[4,  p.  196] 


^ loop  a»o 


a  =  loop  radius 
d  =  wire  diameter 

[4,  pp.  183,  197-198],  [6] 


m  <  »/2 


,  (  1*1  < 

l  &/*,  \t\> 


1  -■  (M) 


Wait  [3],  has  obtained  a  similar  result  to  (14). 


1  EQUIVALENT  CIRCUIT  FOR 


The  two-loop  equivalent  circuit  representing  the 
transmitting  monopole  and  receiving  loop  make  11 
following  assumptions  in  the  circuit  parameters. 

~  <  fl™//0  (electrically  short 
monopole) 

[4,  p.  58]  (15a) 


uM  —  ZAB 

Vok2ShAsin  i  kR 
~ - 2tK - e 


In  (15b)  and  (15c),  hA  is  the  height  of  the 
transmitting  antenna  above  the  ground  plane.  In 
(15c),  60  rather  than  120  occurs  in  the  numerator 
because  the  image  of  the  vertical  antenna  yields  a 
factor  of  two.  In  the  equivalent  circuit,  a  capacitor 
is  used  in  series  with  the  terminating  loop  resistor 
to  cancel  the  effect  of  Lioop  and  make  the  antenna 
resonant,  [4],  pp.  183,  197-198].  Using  the  results 
in  (15),  the  equivalent  circuit  becomes  a  coupled 
RL  circuit  with  loop  equations  given  by 


iw  |Af|  (2  Rr  +  Rt)?B  =  0 


-  400  (x) 


with  a  determinant  A, 


[5,  p.  312,  eq.  10-54] 


(15b)  A  = 


(<-»«LJ  iu\M\ 
iiv  |  Af  |  (2  R*h  +  Rt) 


_  60HVA)-1] 
mo"o  ~  tan{kh) 

(4,  p.  512,  eq.  14-4] 


=  (<-i«£m)  (2  R^  +  R^)  +  U2\M\2. 


(15c) 
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Solving  for  / B,  the  current  in  the  receiving  loop, 
gives 


IB~ 


-iu\M\V _ 

(Rr  -  iuLM)(2R^  +  Rjf )  +  u1 1  M  \ 2 


or 


1B~ 


_ 

«-,U£M)(2^  +  flW)+  |  ZAB  | 2 


(18) 


and 


_  A  2 
lB  %AB 


(19) 


The  change  in  mutual  impedance  is  therefore 
directly  related  to  the  change  in  current  in  the 
receiving  loop  on  the  OUTBOARD  ship.  These 
currents  are  used  to  generate  LOB’s,  from  “look-up 
tables”. 


From  Figure  2 


eR  ~  R 

‘/  |K| 

(20) 

cos  6  = 

eR  '  *b 

(21) 

where  ej, 

is  a  unit  vector  along  the  ship’s  center 

line  and 

cos  <j>  = 

*x  ‘  eR 

(22) 

in  the  shape  of  an  inverted  cycloid,  with  the 
vertical  distance  between  trough  and  crest  the  wave 
height,  and  the  horizontal  distance  between 
successive  crests  called  the  water  wave  length,  Xw. 
Figure  3  shows  a  statistic  related  to  the  wave 
height,  i.e.,  HX/V  or  the  so-called  significant  wave 
height  for  four  different  spectrums  for  the  wave 
surface  [7].  Reference  [8]  gives  photos  showing  the 
ocean  waves  developed  when  the  wind  has  been 
blowing  a  sufficient  time  (1  knot  =  0.514442 
m/sec.). 

Using  the  Gauss- Legendre  numerical  algorithm,  the 
integral  in  Equation  (14)  and,  hence  the  phase  of 
the  current  in  the  receiving  loop,  was  evaluated  for 
the  parameter  values  shown  in  Table  1. 


Figure  3.  Significant  '.Vave  Height,  H 1/3,  versus 
Wind  Speed  using  4  different  Spectra  ({7]). 


3.1  Comparison  of  Predicted  and  Observed 
Bearing  Errors 

Measured  LOB’s  were  obtained  from  the  fleet 
exercise  experiment  during  the  period  27  January 
to  6  February,  1990,  in  the  Caribbean,  typically 
from  2300  hours  to  0800  hours  local  time.  There 
were  43  targeting  events  for  the  Ship  A  and  43  for 
the  Ship  B  using  Ship  C  a  cooperative  mobile 
target  (CMT)  at  ranges  from  20  to  100  nmi. 

From  equations  (14)  and  (19),  the  error  in  the 
current  l2,  in  each  of  the  receiving  loops  on  the 
OUTBOARD  ship  is  a  function  of  C(x)  which  in 
turn  is  a  function  of  the  sea  state  or  wind  speed. 
These  waves  are  referred  to  as  swell  when  they 
continue  on  after  the  wind  stops  or  changes 
direction.  The  wave  characteristics  are  very  nearly 


Table  I.  Input  parameters  for  predicted  LOB 


errors  for  Ship  A,  Event  2. 

Azimuth  (from  CMT  to  OUTBOARD  -44' 
ship  relative  to  North,  deg.) 

Distance  between  CMT  and  29 

OUTBOARD  ship  (nmi) 

Wind  direction  (relative  to  east,  deg.)  50' 

Wind  velocity  (knots)  12 

Frequency  (MHz)  20.18 

Predicted  LOB  error  (deg.)  1.3' 
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Figure  4  shows  the  geometry  for  Event  2  and  the 
LOB  multipath  correction  for  rough  sea  multipath. 
Another  method  for  correcting  for  rough  sea 
multipath  would  be  during  the  calibration  testing 
phase  where  appropriate  modifications  can  be  made 
to  the  look-up  table  (database)  for  the  magnitude 
and  phase  of  the  currents  in  the  loop  antennas  on 
the  OUTBOARD  ship.  However,  Figure  4  suggests 
the  possibility  of  correcting  for  rough  sea  multipath 
in  “real  time”  without  modifying  the  look-up  table. 


Figure  4.  Geometry  for  Event  2  and  LOB 
multipath  correction. 


Figure  5  shows  a  plot  of  the  difference  of  the  two 
LOBs  in  Figure  4  versus  time.  Except  for  the  time 
period  2.55  to  2.60,  the  LOB  error  was  positive; 
i.e.,  the  LOB  from  the  correlation  Interferometer 
Direction  Finding  CIDF  algorithm  was  greater 
than  the  LOB  predicted  using  the  dead-reckoning 
algorithm.  The  dead-reckoning  algorithm, 
developed  by  this  author,  predicts  the  accurate 
“ground-truth”  LOB  using  the  time  “flashes”  at 
approximately  10  minute  intervals  and  an 
interpolation  scheme  for  intermediate  times,  to 
determine  the  distance  the  target  ship  traveled 
along  a  great  circle  path  from  its  initial  position  at 
latitude,  9j,  longitude,  <j>/,  and  time  flash  tp to  a 
new  latitude  and  longitude.  Using  the  parameters 
for  the  sea  state  shown  in  Table  I,  a  predicted  LOB 
multipath  error  of  about  i.3‘  was  obtained. 
Actually,  the  predicted  LOB  multipath  error  in 
Figure  5  is  very  close  to  the  average  LOB  error 
(i.e.,  0.93*);  The  average  LOB  error  is  only 
significant  in  analyzing  the  accuracy  of  the  LOB 
correction  and  not  as  a  basis  for  LOB  error 
prediction.  The  reason  is  the  multipath  error  from 
rough  seas  is  not  constant  with  time,  but  changes 
as  the  sea  state  varies  and  until  the  wind  has 
persisted  for  a  sufficient  duration  to  create  swell. 

As  it  turned  out,  for  Figure  5,  the  wind  did  remain 


in  a  nearly  constant  direction  at  a  relatively 
constant  speed  (12  knots)  during  the  course  of  LOB 
readings.  The  large  changes  in  the  LOB  error  from 
time  2.55  to  2.65  may  have  been  caused  by  factors 
other  than  rough  sea  multipath;  e.g.,  and  incorrect 
LOB  from  a  target  ship. 


Figure  5.  Event  2,  Ship  A,  LOB  difference  error 
versus  time.  Also  shown  is  the  predicted  LOB 
multipath  error. 

4  CONCLUSIONS 

A  general  expression  for  computing  the  change  in 
loop  current  in  the  receiving  loop  antennas  used  in 
the  OUTBOARD  DF  system  is  given  as  a  function 
of  sea  state.  This  expression  was  evaluated  for  the 
sea’s  which  existed  during  a  fleet  exercise  and  gave 
good  agreement  for  the  predicted  and  observed 
LOB  errors. 
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DISCUSSION 


J.  BELROSE 

Hie  experiment  you  described  employed  vertical  monopoles  for  transmitting  and  small  ferromagnetic  loops  for  receiving  on  large 
metal  ships/large  with  resect  to  the  frequency  used.  Hie  analysis  you  presented  was  tnsed  on  well  understood  propagation 
parameters  (the  total  signal  being  the  vector  sum  of  a  direct  and  a  ground  reflected  wave  and  a  Norton  surface  wave).  You 
addressed  the  coupling  between  the  vertical  transmitting  antenna  and  the  receiving  loop  antennafs),  coupled  through  radiation.  But 
the  radiation  properties  of  these  antennas  arc  influenced  by  the  conducting  surface  of  the  ships.  The  lower  half  of  die  monopole  is 
the  entire  ship;  the  small  receiving  loop  will  couple  to  currents  flowing  on  the  conducting  hull  of  the  ship.  Did  you  not  experience 
problems  from  these  effects? 

AUTHOR’S  REPLY 

I  agree  with  the  discussor’s  comment  that  indeed  the  entire  ship  is  the  radiator;  i.e„  the  ship’s  superstructure  modifies  the  currents 
excited  in  each  of  the  loop  antennas.  However,  this  effect  is  included  in  the  CIDF  algorithm  (correlation  interferometer  direction 
finding)  when  measured  loop  currents  are  correlated  against  the  data  base  currents;  the  latter  are  obtained  as  the  ship  steams  around 
a  buoy  and  collects  target  data  from  a  known  target  direction. 
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PROPAGATION  EFFECTS  ON  HF  DIRECTION  FINDING 


Georg*  H.  Mi liman 

Research  Associates  of  Syracuse,  Inc. 
510  Stewart  Drive 
N.  Syracuse,  NY  13212  USA 


SUMMARY 

Estimates  are  made  of  the  propagation 
errors  that  can  be  made  in  the 
measurement  of  the  geographic  coordinates 
of  an  HF  emitter  when  utilizing  HF 
direction  finding  techniques.  The 
sources  of  the  errors  considered  in  this 
analysis  are  those  due  to  (1)  imprecise 
knowledge  of  the  ionospheric  reflection 
height,  (2)  ionospheric  tilts,  i.e., 
gradients  of  electron  density  and  (3) 
tropospheric  refractive  bending. 

1.0  INTRODUCTION 

The  determination  of  the  geographic 
coordinates  of  an  HF  radio/radar 
transmitter  by  direction  finding  is 
influenced  to  a  great  extent  by  the 
characteristics  of  the  propagation  nedia, 
i.e.,  the  ionosphere  and  the  troposphere. 

Various  techniques  are  available  for 
locating  an  HF  emitter  utilizing  two  or 
more  receiving  sites.  A  single  receiving 
site  can  also  be  employed  for  HF 
direction  finding.  The  single  site 
configuration  requires  that  both  the 
azimuth  and  elevation  angle  of  the 
received  signals  be  accurately  measured. 
For  the  single  site,  the  ionospheric 
height  of  reflection  of  the  HF 
transmitted  signals  is  required  for  the 
calculation  of  the  ground  distance  to  the 
emitter. 

Errors  in  locating  the  coordinates  or  an 
HF  emitter  arise,  in  the  case  of  the 
ionosphere,  from  (l)  imprecise  knowledge 
of  the  ionospheric  height  of  reflection, 
(2)  the  presence  of  an  electron  density 
gradient,  i.e.,  ionospheric  tilt  along 
the  path  of  propagation  and  (3)  the 
presence,  along  the  propagation  path,  of 
a  traveling  ionospheric  disturbance 
(TID),  i.e.,  large  scale  electron  density 
perturbation  in  the  F  region.  An 
additional  source  of  error  results  from 
the  refractive  bending  phenomenon 
encountered  in  the  troposphere.  The 
presence  of  an  ionospheric  tilt  and  TID 
imparts  errors  in  the  measurement  of  both 
the  emitter's  bearing  and  ground  range. 
The  effect  of  ionospheric  reflection 
height  inaccuracy  and  tropospheric 
refraction  is  to  introduce  an  error 
solely  in  the  ground  range  measurement. 

In  this  paper,  estimates  are  made  of  the 
magnitude  of  the  angular  deviations  and 
ground  range  errors  that  could  be  imposed 
on  an  HF  direction  finding  system  by  the 
ionosphere  and  the  troposphere.  The 


angular  deviations  and  ground  range 
errors  are  presented  as  a  function  of 
solar-geophysical  and  meteorological 
conditions. 

2.0  THEORETICAL  CONSIDERATIONS 
2.1  Reflection  Height  Inaccuracy 

te  lack  of  precise  data  on  the  electron 

ensity  variation  with  altitude  at  the 
ionospheric  reflection  point  of  an  HF 
transmitted  radio  wave  is  the  basis  for 
considering  the  reflection  height 
inaccuracy  as  a  source  of  error  in  HF 
direction  finding.  An  error  in  the 
height  of  reflection  imposes  an  error  in 
the  estimation  of  the  surface  range  to  an 
HF  transmitter. 

The  ground  distance  error,  AS,  depicted 
in  Figure  1,  is  simply 

AS-S-S,,  (1) 


where  S  is  the  true  ground  distance.  The 
parameter,  S*,  is  the  apparent  ground 
distance  which  is  expressed  by 

S„-2r.cos-'{[l/2r.(r.*fc„)]  (2) 


where  rD  is  the  radius  of  the  earth,  h* 
is  the  apparent  reflection  height  and  Rj* 
is  the  apparent  slant  distance  to  the 
reflection  point.  It  is  assumed  that  R^ 
-  Rj,  where  R1(  the  true  slant  distance  to 
the  reflection  point,  is  given  by 

ft)*-2r.(r.*h)  (3) 

cos(S/2r,))1/I 

and  where  h  is  the  correct  reflection 
height . 

2.2  Ionospheric  Tilt 

Electron  density  gradients  present  along 
the  path  of  HF  transmissions  can  cause 
the  signals  to  undergo  an  angular 
deviation  off  the  great  circle  path.  In 
addition,  a  gradient  can  introduce  a 
modification  in  the  ground  scatter 
distance. 

To  facilitate  the  analysis,  it  is  assumed 
the  propagation  signal  undergoes  a  plane 
mirror-type  reflection  in  the  ionosphere. 
The  ionospheric  tilt  geometry  employed  in 
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this  analysis  is  depicted  in  Figures  2 
and  3.  The  tilt  angle,  is  the  angle 
between  the  vertical  to  the  earth's 
surface  and  the  normal  to  the  tilted 
surface  while  the  horizontal  rotation 
angle,  6,  is  the  angle  in  the  horizontal 
plane  through  which  the  tilted  angle  is 
rotated  away  from  the  great  circle  plane. 

For  the  ionospheric  tilt  geometry  shown 
in  Figure  2,  the  deviation  in  azimuth, 

A A,  brought  about  by  a  tilt  can  be 
expressed  by  the  function 

Ayi  *sin‘l{sin(Sr/r,)/sin(STt/r,))  (4) 

where  S^l  is  the  ground  distance 
traversed  by  the  deviated  signals  and  S? 
is  the  transverse  component  of  S^l- 

It  can  be  readily  shown  from  spherical 
geometry  that 

6'7l«r,coE'‘{cos(St/r,)/cos(ST/r.)}  <5) 

where  Sr ,  the  component  of  along  the 
great  circle  path,  i.e.,  the  longitudinal 
component,  can  be  expressed  by 

St-(S/2)*r.<(n/2)-(£t*i*2*t»  (6) 


The  parameter  S  is  the  ground  scatter 
distance  that  would  be  attained  in  a 
nontitled  ionosphere,  El  is  the  elevation 
angle  in  the  longitudinal  plane  of  the 
ray  incident  on  the  earth,  i  is  the  angle 
of  incidence  of  the  ray  with  respect  to 
the  vertical  and  is  the  longitudinal 
component  of  the  tilt  angle,  $.  It  is 
noted  that  the  term,  (i  +  2$J  ,  is  the 
angle  of  reflection  in  the  longitudinal 
plane. 

The  angle  El  can  be  determined  from 

fI-cos-1{[(r,*h)/rJsin(C2»I))  <7> 

and  the  angle  i  from 

i-sin‘l{(r,/tf„)sin(S/2r,))  (8) 

where  h  is  the  reflection  altitude  and  Ru 
is  the  slant  range  to  the  reflection 
point  and  is  defined  by 

«u-{'-^(r.*/1)2-2r.(r.*ft)  (»> 

cos(S/2r,))‘/2 

Assuming  that  the  tilted  reflecting 
surface  is  spherical,  it  follows  that  the 
angle  can  be  expressed  by 

$t-sin''{sin$cos0}  (10) 


Referring  to  Equation  (4) ,  the  transverse 
component  of  the  ground  scatter  distance, 
Sj,  is  given  by 


ST-r.((  n/2)-(£r*2*,)}  (11) 

where  Ex  is  the  transverse  elevation 
angle  of  the  reflected  ray  incident  on 
the  earth  and  is  transverse  component 
of  the  tilt  angle. 

It  can  be  shown  that 

£'r-cos'1<((rc*/i)/rJsin2$7}  (12> 


and 

$T  =  sin‘‘{sin(>sinO)  (13) 


It  is  of  interest  to  note  the  similarity 
between  Equations  (6)  and  (11),  (7)  and 
(12),  and  (10)  and  (13). 

The  error  in  the  ground  scatter  distance, 
A STl,  can  be  derived  from  the  expression 

A  STl-S„-Sn  (14) 


where  SA  is  the  apparent  ground  scatter 
distance  defined  by  the  expression 

"^-2r0cos''{[rJ»(r,*A>2-  (15) 

{(*„-' /f.)/2)2]/2r.(r. -A)} 

The  parameter,  RD,  is  the  slant  ray  path 
distance  between  the  ionospheric 
reflection  point  and  the  ground 
reflection  point,  and  is  expressed  by 

KB-<r?*(r,  +  h)2-Zr,(r,*/i)  (16) 

cos(S'/2r„))‘'2 

where  S'  is  the  surface  distance  between 
the  subionospheric  reflection  point  and 
ground  reflection  point.  From  spherical 
geometry,  it  can  be  shown  that 

S'-r,cos',<cos({SI-(S/2))/r,)cos(Sr/r.))  (17) 


2.3  Tropospheric  Refractive  Bending 

When  electromagnetic  waves  are  propagated 
through  the  troposphere  and  ionosphere, 
they  undergo  a  change  in  direction  or 
refractive  bending.  This  phenomenon 
arises  from  the  nonhomogeneous 
characteristics  of  the  media.  The 
tropospheric  refractive  bending  when 
taken  into  account  in  HF  propagation 
analysis  is  found  to  modify  the  ground 
scatter  distance.  This  topic  was 
initially  discussed  in  a  previous  AGARD 
symposium  (Reference  1)  but  is  briefly 
reviewed  in  this  paper  for  completeness 
of  the  subject  pertaining  to  propagation 
effects  on  HF  direction  finding. 

The  effects  of  the  troposphere  on  HF 
propagation  can  be  evaluated  by  means  of 
ray  tracings.  This  requires  that  the 
index  of  refraction  in  both  the 
troposphere  and  ionosphere  be  expressed 
as  a  function  of  altitude. 
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The  index  of  refraction  in  the 
troposphere,  nt>  is  defined  by 

N-(n,- <18> 


where  N  is  the  refractivity,  T  is  the  air 
temperature  (°K) ,  p  is  the  total  pressure 
(■bar)  and  £  is  the  partial  pressure  of 
water  vapor  (■  bar) .  According  to  Smith 
and  Weintraub  (Reference  2) ,  the 
constants,  a  and  b,  are  77.6°K/mbar  and 
4810°K,  respectively. 

The  tropospheric  refractive  index  model 
employed  in  this  analysis  is  the  CRPL 
Reference  Refractivity  Atmosphere  -  1958 
(Reference  3)  which  is  described  by 

N(/i)-N.*(/t-h.)AN  (19) 


where  N0  is  the  surface  refractivity  and 
h0  is  the  surface  height  above  mean  sea 
level.  This  expression  is  valid  for  h0  < 
h  <  (h0  +  1)  km.  The  parameter,  AN,  is 
defined  by 

AN  “  -7.32exp(0.00SS77  N.)  (20) 

For  the  region  contained  within  (hc  +  1) 

<  h  s  9  km,  the  refractivity  decays  as 

N(ft)-N,exp[-c(/i-h.-l)]  (21) 


where  Nj  is  the  value  of  H(h)  at  1  km 
above  the  surface  and 

C  -  [  1  /(8-  h,))log,(N ,/  10S)  (22) 


Abe  ■  •  ,  km,  the  experimental  decay  is  of 

the  -•'f 

‘  ’•  105exp(-0.1424(h-9)]  (23) 


The  an-fax  of  refraction  in  the 
ionosphere,  n^,  can  be  expressed  by  the 
relationship 

n,-{  l-(<uw/u02>''2-  (24) 

{l-(N.e^/e.m.uJ^))1,2 

where  is  the  angular  plasma  frequency 
of  the  medium  (rad/s),  Ne  is  the  electron 
density  (electrons/m3),  e  is  the  electron 
charge  (1.6  x  10“19  c) ,  is  the 
electron  mass  (9.1  x  10-33  kg),  £«  is  the 
electric  permittivity  of  free  space 
(10~9/36n  F/m)  and  uo  is  the  angular 
frequency  of  the  incident  wave  (rad/s) . 

The  distribution  of  electron  density  with 
height  is  assumed  to  follow  the  Chapman 
model  of  the  form  (Reference  4) . 

N.-N„exp<(  1/2)(1  -{('•-'»„)/«.>-  <25) 

exp(-(h-h„)/W,)]> 


where  Nn  is  the  electron  density  at  the 
level  of  maximum  ionization,  ha,  and  Ks 
is  the  scale  height  of  the  neutral 
particles;  i.e.,  the  height  of  the 
homogeneous  atmosphere  at  a  given 
temperature. 

It  should  be  noted  that  the  ionospheric 
refractive  index,  given  by  Equation  (24) , 
is  also  a  function  of  both  the  electron 
collision  frequency  and  the  earth's 
magnetic  field.  According  to  Davies 
(Reference  4) ,  the  effect  of  the 
collision  frequency  term  on  the  index  of 
refraction  is  negligible  for  frequencies 
on  the  order  of  10  MHz  and  above  and  at 
altitudes  greater  than  80  1cm.  When 
neglecting  the  earth's  magnetic  field,  an 
error  is  introduced  in  the  computation  of 
the  index  of  refraction.  The  maximum 
error  evaluates  to  less  than  0.4  percent 
at  a  frequency  of  30  KHz  and  slightly 
greater  than  1  percent  at  20  MHz 
(Reference  1) .  These  calculations  are 
based  on  the  daytime  electron  density 
models  presented  in  Table  1  and  on  a 
magnetic  induction  of  0.5  G  which  is 
assumed  to  be  invariant  with  altitude 
(Reference  5) . 

3.0  DISCUSSION 

3.1  Reflection  Height  Inaccuracy 

An  error  in  the  estimation  of  the 
ionospheric  height  of  reflection  of  HF 
signals  could  arise  from  inaccurate  data 
on  the  distribution  of  electron  density 
at  the  midpoint  of  the  transmission  path. 
A  source  of  the  error  could  be  a 
travelling  ionospheric  disturbance 
inducing  a  perturbation  in  the 
ionization. 

An  estimate  of  the  ground  distance  error 
resulting  from  an  error  in  ionospheric 
reflection  height  is  shown  in  Figure  4. 

It  is  evident  that  an  underestimation  of 
the  reflection  height  results  in  an 
overestimation  of  the  ground  distance. 

The  effects  are  reversed  when  there  is  an 
overestimation  of  the  reflection  height. 
For  a  given  reflection  height  error,  the 
error  in  the  ground  distance  decreases 
with  increasing  ground  distance. 

According  to  Figure  4,  for  an  assumed 
reflection  height  error  of  -20  km  and 
ground  distance  of  3400  km,  the  error  in 
the  prediction  of  the  ground  distance 
evaluates  to  approximately  12  and  13  km 
for  reflection  heights  of  300  and  350  km, 
respectively.  For  a  -10  km  reflection 
height  error  and  assuming  ide-itical 
conditions,  the  ground  distance  error  is 
on  the  order  of  one-half  the  -20  km 
results. 

3.2  Ionospheric  Tilt 

The  azimuthal  deviations  due  to 
ionospheric  tilts  oriented  at  a 
horizontal  rotation  angle,  8,  of  4b°  (and 
135°)  and  90°  are  presented  in  Figures  5 
and  6,  respectively,  as  a  function  of 
tilt  angles,  $,  of  1°,  3°  and  5°  and 
reflection  heights  of  300  and  350  km.  The 


lack  of  data  bayond  tha  ground  distances 
of  2600  and  3000  km  is  attributed  to  the 
reflected  rays  not  reaching  the  earth's 
surface,  i.e.,  overshooting  the  earth. 

An  examination  of  the  data  discloses  that 
the  angular  deviation  decreases  with 
increasing  ground  distance  and  increases 
with  increasing  tilt  angle  and  reflection 
height.  For  a  fixed  set  of  conditions, 
i.e.,  tilt  angle,  reflection  height  and 
ground  distance,  the  angular  deviation 
maximizes  at  9  =  90°. 

It  should  be  noted  that,  for  6=0°  and 
180°,  i.e.,  the  tilt  oriented  in  the 
great  circle  plane,  HF  transmissions 
would  not  experience  an  angular  deviation 
from  the  great  circle  plane. 

The  data  shown  in  Figures  5  and  6  can  be 
readily  converted  to  spatial  dimensions. 
According  to  Figures  7  and  8,  there  is  a 
slight  increase  in  the  lateral 
displacement  with  ground  distance.  In 
the  ground  distance  interval  of  700  and 
3400  km,  the  lateral  displacement,  for  $ 

=  5°  and  0  ■  45°  and  135°,  varies  between 
approximately  37  and  38  km  for  h  =  300  km 
and  between  44  and  45  km  for  h  =  350  km. 
When  the  horizontal  rotation  angle  is 
90°,  the  magnitude  of  the  lateral 
displacement  increases  to  approximately 
53  and  56  km  for  a  reflection  height  of 
300  km  and  to  approximately  62  and  65  km 
for  h  =  350  km. 

The  ground  distance  errors  resulting  from 
the  presence  of  ionospheric  tilts  are 
depicted  in  Figures  9  through  11  for 
horizontal  rotation  angles  of  0°  and 
180°,  45°  and  135°,  and  90°, 
respectively.  It  is  apparent  that  for  a 
fixed  set  of  conditions,  i.e.,  tilt 
angle,  reflection  height  and  ground 
distance,  the  ground  distance  error  is  a 
maximum  at  a  horizontal  rotation  angle  of 
0°  and  180°  (Figure  9)  and  a  minimum  at 
90°  (Figure  11) .  For  a  tilt  angle  of  5°, 
reflection  height  of  350  km  and  ground 
distance  of  2600  km,  the  ground  distance 
error  is  approximately  17.6  km  for  0  =  0° 
and  180°,  10.5  km  for  0  -  45°  and  135° 
and  0.7  km  for  0  =  90°. 

It  is  of  interest  to  note  that  for  both 
horizontal  rotation  angles  of  0°  and  180° 
(Figure  9)  and  45°  and  135°  (Figure  10) 
the  ground  distance  error  increases  with 
increasing  ground  distance  while,  for  a 
horizontal  rotation  angle  of  90°,  the 
reverse  occurs;  that  is,  the  ground 
distance  error  decreases  with  increasing 
ground  distance. 

The  reversal  effect  of  the  ground 
distance  error  is  shown  in  Figure  12 
which  is  a  plot  of  the  error  is  a 
function  of  various  horizontal  rotation 
angles  for  a  tilt  angle  of  5°  and 
reflection  height  of  350  km.  It  is 
evident  that,  as  the  angle  0  increases, 
the  position  of  the  minimum  ground 
distance  error  is  displaced  towards 
increasing  ground  distance.  For  0  =  0°, 
45°,  60°  and  90°,  the  minimum  error  is 
located  at  a  ground  distance  of 


approximately  700,  900,  lioo  and  3400  km, 
respectively. 

3.3  Tropospheric  Refractive  Bending 

The  effects  of  tropospheric  refraction  on 
HF  propagation  is  evident  in  the  data 
tabulated  in  Table  2  which  is  a 
compilation  of  the  computations  presented 
at  the  1979  Lisbon  AGARD  symposium 
(Reference  1) .  The  Table  2  calculations 
are  based  on  the  four  daytime  electron 
density  models  described  in  Table  l  and 
on  surface  refractivities  of  320  -  and 
400-N  units.  The  electron  density  models 
and  surface  refractivities  are  inputs  to 
the  mathematical  relationships  defining 
the  ionospheric  and  tropospheric  index  of 
refraction  profiles,  respectively,  which 
are  required  for  the  ray  tracing  process. 

In  the  analysis,  it  was  assumed  that  (1) 
the  troposphere  is  contained  between  the 
earth's  surface  and  30-km  altitude,  (2) 
the  base  of  the  ionosphere  is  located  at 
an  altitude  of  80  km  and  (3)  free  space 
prevails  in  the  region  between  the 
troposphere  and  ionosphere. 

An  examination  of  Table  2  reveals  that, 
when  the  refractive  characteristics  of 
the  troposphere  are  taken  into  account, 

HF  radio  waves,  in  general  are  propagated 
to  a  greater  distance  than  when  the 
troposphere  is  neglected  as  indicated  by 
a  surface  refractivity  of  o-N  units.  In 
addition,  the  true  height  of  reflection 
decreases  while  the  virtual  height  of 
reflection  increases.  However,  in  the 
case  of  transmissions  at  20  MHz  and  1° 
elevation  angle,  the  reverse  occurs;  that 
is,  the  ground  distance  and  virtual 
reflection  height  both  decrease  with 
increasing  surface  refractivity. 

It  should  be  noted  that,  when  the 
ionospheric  index  of  refraction  is 
defined  in  terms  of  magnetic  field 
parameters,  the  ground  distance  and  the 
true  and  virtual  reflection  heights  are 
found  to  be  a  function  of  both  magnetic 
field  conditions  and  surface  refractivity 
(Reference  6) . 

An  interesting  disclosure  of  Table  2  is 
the  existence  of  long  range  propagation 
paths  in  a  portion  of  the  20-MHz  data. 

4 . 0  CONCLUSIONS 

For  an  HF  direction  finding  system, 
imprecise  information  on  the  height  of 
reflection  of  ionospheric  propagation  HF 
radio  waves  produces  an  error  in  the 
measurement  of  the  ground  distance  to  an 
emitter.  The  error  increases  with  both 
increasing  reflection  height  and 
reflection  height  error  and  decreases 
with  increasing  ground  distance. 

The  presence  of  an  ionization  tilt  in  the 
region  of  ionospheric  reflection  can 
cause  HF  signals  to  undergo  both  an 
azimuthal  bending  and  a  change  in  the 
transmission  path  length  which,  in  turn, 
would  produce  an  error  in  the  ground 
distance  measurement. 
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The  magnitude  of  the  azimuthal  deviation 
and  the  ground  distance  error  is  a 
function  of  the  tilt  angle,  the  tilt 
altitude,  the  ground  distance  and  the 
orientation  of  the  tilt  with  respect  to 
the  great  circle  plane  of  the  HF 
transmissions . 

The  angular  bending  is  zero  for  a  tilt 
oriented  in  the  great  circle  plane  and  a 
maximum  when  it  is  orthogonal  to  the 
plane.  The  angular  deviation  increases 
with  increasing  tilt  angle  and  tilt 
altitude  and  decrease  with  increasing 
ground  distance. 

The  lateral  displacement  which  is  the 
angular  deviation  expressed  in  terms  of  a 
spatial  dimension  increases  slightly  with 
increasing  ground  distance. 

For  a  tilt  oriented  in  the  plane  of  the 
great  circle  path,  the  ground  distance 
error  is  a  maximum  and  increases  with 
increasing  ground  distance.  However,  for 
the  case  in  which  the  tilt  is 
perpendicular  to  the  plane,  the  error  is 
a  minimum  and  decreases  with  increasing 
ground  distance.  The  ground  distance 
error  brought  about  by  a  ionospheric  tilt 
is  less  than  that  resulting  from  an 
inaccurate  estimation  of  the  height  of 
ionospheric  reflection. 

The  phenomenon  of  tropospheric  refractive 
bending  tends  to  have  the  following 
effects  on  HF  propagation:  to  decrease 
the  true  height  of  reflection  and 
generally  to  increase  the  virtual  height 
of  reflection  and  to  increase  the  ground 
distance  over  which  the  waves  can  be 
transmitted.  However,  geophysical 
conditions  could  exist  which  could  result 
in  the  virtual  reflection  height  and  the 
ground  distance  decreasing  with 
increasing  severity  of  tropospheric 
refraction. 
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Table  1 

Ionospheric  Electron  Density  Profiles 


Model 

Layer 

Scale  Height 

He  (km) 

Altitude 

<*») 

Maximum  Electron  Density 

Nn  (X1011  Electrons/®3) 

Plasma  Frequency 
(KHz) 

A 

B 

10 

100 

1.S00 

3.477 

Pi 

40 

200 

3.000 

4.917 

Fj 

50 

300 

12.S00 

10.037 

B 

E 

10 

100 

1.459 

3.429 

Fi 

40 

200 

2.918 

4.850 

Fz 

50 

300 

12.160 

9.899 

C 

E 

10 

100 

1.440 

3.406 

Fl 

40 

200 

2.879 

4.817 

F2 

50 

JC 

11.997 

9.833 

d 

E 

10 

100 

1.421 

3.384 

Fl 

40 

200 

2.841 

4.785 

Fz 

50 

300 

11.838 

9.767 

Table  2 


Tropospheric  and  ionospheric  Ray  Tracing  Calculations 


Frequency 

(MHt) 


Elevation 

Angle 

(deg) 


Surface 

Rafractivity 

(H-unlta) 


Average  Ground 
Distance 
(*») 


Average  True 
Reflection  Height 
Oca) _ 


Average  Virtual 
Reflection  Height 
_ Oca) _ 


10 


320 

400 


1863.9 

1949.9 
1984.3 


81.8 

81.7 

81.6 


85.4 

92.7 

95.8 


320 

400 


1468.7 

1611.0 

1526.3 


82.3 

82.2 

82.1 


88.3 

92.2 

93.6 


20 


320 

400 


4820.3 

4729.0 

4282.6 


196.5 

186.4 

167.7 


546.8 

522.5 

457.6 


320 

400 


4231.4 

4438.8 

4521.6 


215.9 

215.5 

215.4 


514.8 

564.4 

585.5 


30 


320 

400 


3979.8 

4067.6 

4123.6 


248.7 

248.2 

248.1 


361.9 

377.9 
388.4 


0 

320 

400 


3501.0 

3540.1 

3574.5 


252.0 

251.3 

251.2 


364.4 

371.7 

378.2 
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Figure  7.  lateral  Displacement  Due  to  Tilt  at  Horizontal  Rotation  of  45°  and  135° 
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pigure  11.  Ground  Distance  Error  Due  to  Tilt  at  Horizontal  Rotation  of  90° 
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Figure  12.  Ground  Distance  Error  as  a  Function  of  Horizontal  Rotation  Angle,  6 


DISCUSSION 


R.  ROSE 

COMMENT:  I  noted  that  the  ground  distance  ener  data  that  were  presented  reflected  target  ranges  of  greater  than  1000  km.  It 
should  be  noted  that  for  ranges  of  less  than  1000  km,  the  ground  distance  errors  would  increase  dramatically. 

R.  OTT 

Do  you  have  any  position  error  results  for  the  case  where  the  frequency  is  greater  than  the  critical  frequency  so  just  the  ground 
wave  is  present? 

AUTHOR’S  REPLY 

This  particular  condition  was  not  considered  in  this  analysts. 

C.  GOUTELARD 

L’introduction  de  composantes  transverses  du  gradient  horizontal,  souvent  nfgligd,  me  parait  importante.  Cependant,  les  deviations 
que  vous  trouvez  sont  faibles.  Nous  trouvons  par  des  traces  de  rayons  des  deans  qui  peuvent  atteindre  plus  dc  150  km,  notamment 
pour  le  rayon  haul.  Cela  est  rendu  dans  la  communication  que  nous  prdsentons  ("Nouvelles  mdthodes  de  moddlisation..  "(5)). 
Comment  cette  difference  peut-elle  etre  expliqude? 

The  introduction  of  transverse  components  across  a  horizontal  gradient  ■  an  aspect  often  neglected  -  seems  to  me  U  be  important. 
Nevertheless,  the  deviations  you  found  are  small.  Through  ray  tracing  we  find  deviations  of  more  than  150  km,  m  particular  for  the 
high  ray.  This  is  explained  in  the  paper  we  are  presenting  ("New  Methods  of  Modeling "l.  How  can  this  difference  be  explained ? 

AUTHOR'S  REPLY 

The  maximum  tilt  angle  and  reflection  height  assumed  in  this  analysts  are  5'and  350  km,  respect n  Larger  tilt  angles  and  higher 
reflection  heights  would  yield  ground  distance  errors  and  l.-teral  deviations  larger  than  those  -  •vent,-...  '.n  this  paper.  An  analysis  of 
plasma  frequencies  along  its  75'  west  meridian  reveals  that  tilt  angles  larger  than  10'  are  p  i.;le.  Electron  density  gradients  at 
sunrise  and  sunset  can  also  produce  tilt  angles  in  (he  order  of  10'. 


NOUVELLE  METHODE  DE  MODELISATION  MESO-ECHELLE 
DE  L'lONOSPHERE  A  PARTIR  D  UN  SITE  UNIQUE. 
APPLICATION  A  LA  RADIOLOCALISATION  H.F. 
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NEW  METHOD  OF  MODELLING  THE  MESOSCALE  STRUCTURE 
OF  THE  IONOSPHERE  WITH  A  SINGLE  SENSOR. 
IMPACT  ON  H.F.  RADIO-LOCATION 

J.L.  MOKRZYCKI,  L.  BARTHES,  J.  CARATORI,  C.  GOUTELARD 

LETT1 

Universite  Paris-Sud 
Batunent  214 
91405  Orsay  Cedex 
France 


I.  -  GENERAL  ITES  - 

La  moddlisation  de  1' ionosphere  est  use  n&essiK  dans 
de  nombreuses  applications  :  etude  physique  du 
milieu,  telecommunications,  radars  transhorizoo  et 
radiolocalisation. 

La  radiolocalisation  4  partir  d'un  site  unique  est 
particulihrement  attractive  mais  impose,  dans  le 
domaine  des  propagations  decametriques,  de  connaitre 
avec  une  precision  suffisante  le  milieu  ionospherique 
dans  lequel  les  trajectoires  des  rayons  sent  contrfiiees, 
non  seulement  par  le  profit  vertical  de  l'ioaisation, 
mais  egalement  par  les  gradients  horizontal*. 

La  figure  1  represente  un  trace  de  rayon  dans  une 
ionosphere  definie  par  un  modhle  de  Btadley-Dudeney 
[1]  en  presence  de  gradients  horizon taux  dost  les 
composantes  transversales  ne  sont  pas  nulles. 

On  pent  voir  que  ces  composantes  entrainent  des 
propagations  hors  du  grand  cercle  avec  des  deviations 
au  sol  importantes  lorsque  la  reflexion  s'effectue  dans 
la  region  F.  La  pnse  en  compte  de  ces  gradients  est 
indispensable  pour  une  localisation  correcte,  ce  qui 
rend  ndeessaire  Ieur  estimation. 

La  radiolocalisation  4  partir  d'un  site  unique  ndeessite 
done  de  disposer  en  un  mSme  lieu  d'un  moyen  de 
mesure.  Un  sondeur  4  retrodiffusioo  met  facilemcnt  en 
evidence  les  anisotropies  (figure  2).  A  s'agit  d'un 
moyen  simple  susceptible  d'etre  mis  en  oeuvre  avec  de 
tris  faibles  puissances  et  done  attrayant. 

La  difficult^  principale  de  cette  technique  rdside  dans 
la  rdsolution  d'un  problime  inverse  qui,  4  partir  des 
mesures  effectudes,  permet  de  retrouver  en  tout  point 
d'une  zone  d'observation,  le  profil  vertical  duquel  se 


ddduisent  les  gradients.  11  s'agit  d'un  problfeme 
difficile  qui  n'a  pas  encore  vraiment  requ  de  solution 
totalement  satisfaisante  malgrd  les  efforts  importants 
produits  par  le  monde  scientifique. 

La  stabilisation  de  la  solution  apparait  possible  grace  4 
de  nouvelles  techniques  qui  autorisent  la  mesure  de 
nouveaux  paramhtres.  L'angle  d'dldvation  des  rayons 
rdtrodiflusds  est  l'un  de  ces  paramhtres  dont 
1' importance  avait  pourtant  dtd  signalde  dans  les  anndes 
1960. 

L'utilisation  de  ce  paramhtre,  conjointement  aux 
donndes  foumies  par  un  sondeur  4  idtrodiffusion 
permcttsnt  une  observation  tout  azimut,  est  ddveloppde 
dans  cette  prdsentation. 

D.  -  METHODES  D’ INVERSION  DE 
L'lONOGRAMMEDE 
RETRODIFFUSION  - 

Les  modules  des  milieux  de  propagation  permettent, 
par  des  programmes  de  calcul,  de  determiner  avec 
precision  les  trajectoires  des  ondes  eiectromagndtiques. 

Ce  problime,  le  problime  direct,  est  la  plupart  du 
temps  risolu  avec  une  bonne  precision. 

Le  problirne  inverse,  qui  consiste  4  chercber  le  modhle 
4  partir  d'un  ensemble  de  mesures,  appartient  le  plus 
souvent  4  la  classe  des  problimes  "mathdmatiquement 
mal  posds*. 

Dans  le  cas  de  1'inversion  des  ionogrammes  de 
rdtrodiffusion  cette  appartenance  est  due,  soil  au  fait 
que  la  solution  du  problem:  inverse  n'est  pas  unique, 
soil  au  fait  que  de  faibles  erreurs  de  mesure  entrainent 
de  fortes  erreurs  sur  le  roodile. 
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Les  travaux  sur  l'inversion  des  ionogrammes  de 
rdtrodiffiision  remontent  aux  anndes  1960.  En  1968, 
C.  Goutelard  [2]  a  proposd  use  mdthode  preaant  en 
compte  les  gradients  d'ionisation  horizontaux  en 
gdndralisant  la  mdthode  des  courbes  de  transmission  de 
N.  Smith. 

En  1969,  V.E.  Hatfield  [3]  a  proposd  une  mdthode 
analytique  intdressante  bien  que  ne  prenant  pas  en 
compte  les  gradients  horizontaux.  N.N.  Rao  [4]  en 
1974  et  S.L.  Chuang,  K.C.  Yeh  [5]  en  1976  proposent 
des  mdthodes  itdratives  basdes  sur  des  techniques 
voisines  de  la  pseudo  solution  mais  qui  ne  prennenl 
pas  en  compte  les  gradients  horizontaux.  R.E. 
Dubroff,  N.N.  Rao,  K.C.  Yeh  [6]  introduisent  en 
1978  des  gradients  horizontaux  et  constateat,  comme 
J.  Caratori  et  C.  Goutelard  (7]  et  J.  Canton  [8]  les 
difficultds  qui  apparaissent  it  cause,  notamment,  de  la 
non  unicitd  des  solutions  et  de  leurs  instability.  J. 
Caratori  et  C.  Goutelard  [7]  proposent  alors  de 
stabiliser  les  solutions  par  des  mesures  tout  azimut,  ce 
qui  a  pour  effet  de  rendre  unique  la  solution  dans  la 
majoritd  des  cas.  L.E.  Bertel,  D.G.  Cole  et  R.  Fleury 
[9]  introduisent  en  1988  des  informations 
supplemental  res  provenant  de  la  connaissance  du 
diagramme  de  rayonnement  des  antennes  et  J.Y.  Le 
Huerou  [10]  en  1989  dtablit  une  mdthode  permettant, 
par  des  sondages  panonuniques,  de  determiner  les 
directions  des  gradients. 

Le  souci  de  stabiliser  les  solutions  par  l'introduction 
de  l'angle  d'dldvation  a  «Ste  6noocd  dhs  les  annbes  1968 
par  C.  Goutelard  [2]  et  1969  par  V.E.  Hatfield  [3] 
mais  les  techniques,  malgrd  les  essais  qui  ont  6td 
effectuds  it  l'dpoque,  ne  permettaient  pas  de  rdaliser 
des  mesures  suffisamment  fiables. 

A  partir  de  1985,  deux  projets  franqais  de  systbmes  b 
rdtrodiffusion  introduisaient  la  mesuie  des  angles 
d'dievation  le  projet  de  radar  transhorizon 
NOSTRADAMUS  [11]  et  le  projet  de  soodeur  du 
C.N.E.T.  it  Hie  de  Losquet  [12].  Des  etudes  prenaient 
en  compte  la  mesure  de  cet  angle.  L.E.  Bertel,  D.G. 
Cole,  R.  Fleury  [9],  J.L.Mokrzycki  [13]  et  mettaient 
en  evidence  1' importance  de  ce  parambtre  dans  la 
stabilisation  des  solutions. 

Cet  article  rapporte  une  partie  des  etudes  mendes  au 
LETTI  sur  ce  sujet. 

in.  -  IMPORTANCE  DE  LA  MESURE  DE 
L'ANGLE  D'ELEVATION  - 

La  trace  frontale  de  1'ionogramme  de  rdtrodiffusion  a 
did  le  support  principal  des  mdthodes  d'inversion.  Le 
temps  de  groupe  qui  lui  correspond  est  facile  t 
mesurer,  mbrae  s’il  ne  1'est  pas  toujours  avec  une 


precision  suffisante,  et  le  volume  des  mesures 
correspondantes  est  rdduit. 

A  ce  temps  de  groupe  on  peut  ajouter,  on  1‘a  cite,  une 
exploration  panoramique  qui  permet  de  stabiliser  les 
solutions. 

L'adjonction  de  la  mesure  de  l'angle  d'dldvation  pour 
amdliorer  la  mdthode,  apparalt  parmi  les  plus  simples  : 
le  parambtre  s'ajoute  simplement  aux  mesures 
prdcddentes  et  les  equations  de  propagation 
1‘  introduisent  naturellemeat. 

La  difficult^  est  plutdt  expdrimentale  et  rdside  dans  la 
precision  avec  laquelle  la  mesure  est  effectude.  Une 
bonne  precision  ndcessite  de  grands  rdseaux  d'antennes 
et  l'influence  du  bruit  est  fondamentale  sur  la  precision 
des  mesures.  On  peut  noter  que  ces  parambtres  sont 
lids  et  que  ^augmentation  du  bruit  exige,  pour  une 
precision  constante,  un  accrois<ement  des  dimensions 
du  rdseau  d'antennes. 

Le  LETTI  (Laboratoire  d’ETude  des  Transmissions 
lonosphdriques  de  l'Universitd  Paris-Sud)  a  choisi 
d'utiliser  des  traitements  de  signaux  approprids  pour 
dchapper  b  des  dimensions  importantes  des  rdseaux 
d'antennes. 

Dbs  lors  que  la  precision  sur  l'angle  d'dldvation  B  est 
suffisante  -  de  l’ordrc  de  ±  1  degrd  -  l'inversion  peut 
dtre  effectude  dans  de  bonnes  conditions. 

L'apport  de  la  mesure  de  l'angle  d'dldvation  peut  dtre 
examind  simplement  b  partir  des  courbes  de 
transmission  gdndralisdes,  ddcrites  dans  [2],  dans 
lesquelles  on  suppose  une  inclinaison  globule  de 
1' ionosphbre  E  (figures  3a  et  3b).  Ces  courbes 
s'utilisent  comme  dans  la  mdthode  proposde  par  N. 
Smith,  mais  elles  sont  tracdes  pour  des  temps  de 
propagation  constants,  et  non  pour  des  distances 
consumes,  pour  des  angles  d'incidence  constants  et 
pour  des  inclinaisons  de  l'ionosphbre  E  diffdrentes  de 
0  degrd.  La  settle  mesure  du  temps  de  focalisation 
ddfinit  une  courbe  unique  tangente  b  1’ionogramme 
zdnithal.  L'adjonction  de  l'angle  d'dldvation  (figure 
3c)  fixe  le  point  de  tangence,  en  donne  directement 
accbs  b  1'ionogramme,  done  au  profit. 

La  mdthode  proposde  s'inspire  de  cette  remarque,  en  la 
gdndralisant,  et  ddveloppe  les  calculs  sous  forme 
analytique. 

IV.  -  METHODE  DU  LETTI  - 

Le  paragraphe  prdeddent  a  soulignd  la  ndcessitd 
d'introduire  une  variable  suppldmentaire  pour 
stabiliser  le  processus  d'inversion.  Cette  variable  est 
l'angle  d'dldvation  B.  Les  donndes  du  problbme 


consistent  done  en  un  ensemble  de  points  (B,  Pg), 
reprisentant  l'bchantilloonie  de  U  courbe  Pg(B)  i 
frequence  et  azimut  de  soodage  constants. 

Comme  pour  les  mithodes  prieddemment  diveloppbes 
au  LETTI  [7]  {8]  [10]  [14]  [15],  on  admet  qu'un 
sondage  zbnithal  donne  le  profil  vertical,  ou  "modble 
d’ordre  0*,  et  on  adopte  les  hypotheses  simplificatrices 
suivantes : 

-  L' ionosphere  est  reprisentbe  par  un  modble 
vertical  de  Bradley-  Dudeney  [1]. 

-  Le  facteur  de  forme  de  la  couche  F2  :  Ryh  = 
ymF2/hmF2  est  suppose  constant  dans  toute  la 
rone  explorie,  et  prend  la  valeur  mesurbe  en 
zenithal  au  centre  de  celle-ci. 

-  Seules  la  frequence  critique  Fc  =  foF2  et  la 
hauteur  du  maximum  d' ionisation  Hm  =  hmF2 
varient  avec  la  distance  D  =  RG  par  rapport  au 
centre  de  la  zone. 

-  Les  gradients  qui  r&ultent  de  ces  variations  sont 
supposes  lineaires.  Ds  definissent  un  "modble 
d'ordre  1*,  pour  lequel  Fc  et  Hm  suivent  les  lois 
suivantes : 

Fc(D)  =  Fco  (1  +  Gf .  D) 

Hm{D)  =  Hmo  (1  +  Gh  .  D)  (1) 

oil  Gf  et  Gh  sont  les  gradients  relatifc  exprimes  en 
km*1. 

•  La  region  E  est  supposde  n'introduire  que  des 
variations  faibles  sur  les  rayons  tefiechis  d«n<  l* 
region  F  et  une  estimation  de  ces  variations  permet 
de  corriger  lews  effets. 

Dans  ces  conditions,  les  parambtres  k  mesurer  sont 
ceux  de  la  region  F2,  et  l'enonce  du  problbme  inverse 
devient  le  suivant :  determiner  les  intensites  Gf  et  Gh 
des  gradients,  connaissant  l'bchantillonnbe  de  la 
courbe  Pg(B)  mesuree  par  retrodiffusion. 

Le  premier  point  k  verifier  conceme  l'unicite  de  la 
solution.  Celui-ci  a  iti  analyse  par  la  comparaison 
entre  elles  des  courses  Pg(0)  simulies  pour  I’ensemble 
des  valeurs  possibles  aes  gradients,  soil : 

Gf,  Gh  C  [-  3.10*4  km*1 ;  +  3.10*4  km*1]  (2) 

L' etude  de  la  distance  euclidienne  entre  une  courbe 
quelconque  Pgo{B),  associie  k  un  couple  (Gfo,  Gho) 
donne,  et  toutes  les  autres  courbes  du  domaine 
precedemment  defini,  a  confirme  l'hypothbse 
d'unicite.  Ce  rbsultat  peut  encore  s'exprimer  en  disant 
que,  pour  un  modble  d'ordre  0  donne,  et  une  frequence 


de  sondage  donnee,  il  n'y  a  pas  deux  courbes  Pg(B) 
identiques.  Notons  que  ce  point  est  d'une  extreme 
importance,  et  constitue  un  progrbs  considerable  par 
rapport  aux  mithodes  anterieures,  qui  ne  faisaient 
appel  qu'k  la  trace  ffontale  de  1'ionogramme  de 
retrodiffusion. 

Afin  de  mesurer  les  pidients,  il  est  nfcessaire  de 
caracteriser  la  courbe  Pg(B)  obtenue 
expirimentalement.  De  nombrenses  tentatives  ont  hi 
faites,  qw  ont  abouti  k  la  conclusion  suivante  :  ce  sont 
les  coordonnees  (Bf,  Pgr)  du  minimum  de  la  courbe 
Pg(B)  qui  assurent  la  caracterisation  la  plus  efficace  de 
cette  courbe.  On  pourrait  penser  alors  qu'il  suffit  de 
mesurer  directement  les  coordonnees  de  ce  minimum, 
et  non  la  courbe  complete.  Un  tel  raisonnement  ne 
prend  pas  en  compte  les  incertitudes  de  mesure  qui 
peuvent  en  trainer  des  erreurs  importantes,  surtout  dans 
le  cas  de  la  determination  d'un  point  unique.  Cette 
difficulte  a  ete  resolue  en  considirant  tous  les  points 
dispombles,  et  en  ajustant  ceux-ci  par  un  polynome  des 
moindres  cartes  de  degrf  faible  (2  k  3),  de  faqon  k 
lisser  le  bruit  de  mesure.  Les  coordonnees  du 
minimum  le  plus  probable  sont  alors  obtenues  en 
dgalant  k  zero  la  dirivbe  du  polyndme  d'interpolation. 

Le  second  et  le  troisibrne  point  k  verifier  concement  la 
bijectivite  et  la  contmuite  de  la  relation  liant  les 
coordonnees  du  minimum  (Bf,  Pgf)  aux  intensites  des 
gradients  (Gf,  Gh).  Ici  encore,  la  simulation  de 
l'ensemble  des  cas  pratiques  a  montre  que,  non 
settlement  la  relation  cherchbe  est  bijective,  mais 
qu'elle  est  aussi  continue.  Les  figures  4  et  5  illustrent 
ces  rbsultats. 

La  premihre  (figure  4),  qui  a  l'aspect  d'une  grille, 
rep  risen  te  indiffiremment  les  deux  riseaux  de  courbes 
k  deux  parambtres : 

P'F  =  In  (PgF)  =  f  (Bf,  Gf,  Gh) 

Bf  =  g  (P'F,  Gf,  Gh)  (3) 

tracis  pour  un  triplet  (Hm,  Ryh,  x  =  F/Fc)  fixi.  11  est 
clair  que  les  courbes  obtenues  sont  continues  et  ne 
prbsentent  aucun  point  double. 

Les  figures  5a  et  Sb  montrent  respectivement  comment 
se  diforme  la  grille  prbebdente  lorsque  Hm,  ou  Ryh, 
ou  x  varient.  On  constate  que  les  remarques 
ptbeidentes  restent  valables  pour  toutes  les  valeurs 
usuelles  des  parambtres  concemis. 

L'existence  et  la  stabiliti  de  la  solution  btant  assuries, 
il  reste  k  modiliser  la  grille  (Bf,  P'f)  en  fonction  des 
parambtres  Gf,  Gh,  Hm  et  Ryh  k  frequence  riduite  x 
constante. 
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Dans  ce  but,  nous  avons  commence  par  ajuster  la 
*croix  centrale*  de  cheque  grille  par  deux  polynfimes 
des  moindres  carrds  d'ordre  2  It  2  variables.  Ceux-ci 
s'Acrivent : 

(4) 

(*;*)- W(GP)+<M(Cf)r(P't0) 

^  fir  '  'Gha'  '  Gh'  '  Bfo  ' 
avec : 

(A),  (B)  matrices  carries  d'ordre  2. 

(P'Fo,  Bfo)t  vecteur  dAfinissant  le  centre  de  la 
cioix. 

Chacun  des  10  coefficients  de  ces  Aquations  a  Atd  k 
son  tour  ajustA  par  un  polynfime  des  moindres  carrAs 
d'ordre  4  It  2  variables,  de  la  forme : 

4  4 

Pk  =  £  £  Ofcj:  Hm*  Ryh)  (5) 

i«0  j*0 

A  Tissue  de  ce  processus  d'ajustement,  toutes  les  croix 
centrales  correspondant  4  une  frequence  rAduite  x 
donnAe,  sont  reprAsentAes  par  un  ensemble  de  250 
coefficients  fly:. 

Le  systime  d' Aquations  4  peut  Aire  utilisA  directement 
pour  rAaliser  T  inversion,  plus  prAcisAment  pour  foumir 
une  valeur  approchAe  (Gfi,  Ghi)  des  gradients,  en 
fonction  des  coordonnAes  (Bf,  P'f)  du  minimum  de  la 
courbe  Pg(B).  La  figure  6  montre  sur  un  exemple 
l'Acart  qui  existe  entre  les  solutions  exsctes  (Gf,  Gh), 
reprAsentAes  par  les  points  d'intersection  du 
quadrillage  en  trait  plein,  et  les  solutions  approchAes 
(Gfi,  Ghi),  reprAsentAes  par  de  perils  cercles.  Ce 
rAsultat  s'explique  simplement  si  on  remarque  que 
T Aquation  4  reprAsente  en  toute  rigueur  la  croix 
centrale  de  la  grille  de  la  figure  4,  et  que  son 
utilisation  pour  reconstituer  la  gride  complete,  conduit 
simplement  k  translater  sekm  Gf,  ou  selon  Gh,  Tune 
des  branches  de  la  croix  centrale.  Or,  la  figure  4 
montre  que  la  grille  rAelle  ne  sc  dAduit  pas  de  la  croix 
centrale  par  simple  translation.  Une  modification  de  la 
mAthode  d'inversion  est  done  nAcessaire. 

En  pratique,  il  est  apparu  qu'il  Atait  beaucoup  plus 
single  de  corriger  aprts  coup  les  valeurs  (Gfi,  Ghi) 
issues  des  formules  4,  plut&t  que  compliquer  celles-ci 
en  modAlisant  les  grilles  par  uos  polynAtnes  d'ordre 
supArieur  It  deux.  Nous  avons  alors  Acrit : 

Gfc  =  Gfi  +  SGf 
Ghc  =  Ghi  +  JGh  (6) 

oh 

Gfc,  Ghc  sont  les  valeurs  corrigAes  des 
gradients. 

sont  les  Acarts  calculAs. 


Les  fonctions  Acart  ont  ensuite  AtA  ajustAes  par  des 
polynAtnes  des  moindres  carrAs  de  la  forme : 

4  4 

rGh.f  =  E  E  Cjj  Gh*  Gf  J  (7) 

f*0  j«0 

expression  dans  laquelle  les  Cjj  sont  eux-mAmes  des 
fonctions  de  Hm  et  de  Ryh  donnAes  par  : 

Cjj  =  E  £  djjjjjjj  Hmm  Ryhn  (8) 

•*0  n»0 

L'ensemble  des  formules  de  correction  prAcAdentes 
utilise  un  total  de  450  coefficients  djj^,.  La  piAcision 
obtenue,  ou  prAcision  intrinsAque  de  la  mAthode,  est 
alors  excellente.  La  figure  7  illustre  cette  proposition. 
On  y  trouve,  com me  sur  la  figure  6,  les  solutions 
exact es  et  les  solutions  approchAes,  mais  aussi  les 
solutions  corrigAes  (Gfc,  Ghc)  reprAsentAes  par  des 
croix.  11  apparait'que  ces  demibres  sont  indiscemables 
des  solutions  exar  r*.  Le  calcul  montre  que  l'Acart  type 
de  1'erreur  rA:  ‘uelle  est  compris  entre  4  et  5.10'8 
km'1  pour  G:  .xame  pour  Gh.  Comme  les  plus  petits 
gradients  que  nous  cherchons  k  dAterminer  sont  de 
1‘ordre  de  10'5km'',  Tincertitude  due  aux  formules 
d'inversion  est  d'environ  0,5%,  ce  qui  est  amplement 
suffisant. 

V.  -  EVALUATION  DE  LA  PRECISION 
GLOBALE- 

La  figure  8  reprAsente  Torganigramme  de  la  mAthode 
d'inversion  dAveloppAe  dans  le  paragraphe  prAcAdent. 
Un  sondage  zAnithal  fournit  le  modble  d'ordre  0.  La 
frAquence  critique  Fc  pennet  de  fixer  la  frAquence  du 
sondage  par  rAtrodiffusion  k  AlAvation  variable,  soil  Fe 
=  l,5Fc  dans  cet  exemple.  Les  Achantillons  (B,  Pg)  de 
la  courbe  Pg(B)  sont  interpolAs,  et  les  coordonnAes  (Bf, 
P'F)  du  minimum  sont  calculAes.  Les  formules 
d'inversion  4  et  5  permettent  d'obtenir  la  solution 
approchAe  (Gfi,  Ghi),  puis  enfin  la  solution  comgAe 
grace  aux  relations  7  et  8. 

Nous  avons  montrA  que  la  prAcision  intrinsAque  du 
processus  d'ii, version  est  excellente  (0,5%).  En 
pratique  cependant,  les  grandeurs  mesurAes  sont 
entlchAes  d'erreurs,  lesquelles  sont  introduites  da  os  les 
formules  d'inversion  et  «  'rainent  doer  des 
incertitudes  sur  les  valeurs  des  rAsultats.  II  est  done 
indispensable  de  complAter  l'Atude  prAcAdente  par  une 
Avaluation  de  la  prAcision  globale,  laquelle  caractArise 
la  ■robustesse’  de  l'ensemble  du  processus  d'inversion 
dans  des  conditions  d'exploitation  rAelles. 

Pc  rAaliser  cette  Atude,  nous  sommes  partis  de  la 
c  .  Pg(fi)  thAorique,  et  nous  avons  simulA  les 


£Gf,  SGh 
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incertitudes  de  mesure  en  ajoutant  aux  coordonnbes  de 
cheque  point  de  cette  courbe  une  erreur  albatoire  k 
distribution  uniforme  (figure  9).  Nous  avoos  posb : 

Pgm  =  Pgt  +  SPg 

6m  =  fit  +  68  (9) 

oil 

Pgt,  8t  sont  les  valeurs  thboriques 

Pgm,  8m  sont  les  valeurs  'mesurbes* 

6Pg,  66  sont  les  incertitudes  de  mesure. 

La  figure  10  est  un  exemple  de  courbe  'mesurbe', 
simulbe  par  ce  procbd6. 

Le  processus  d'inversion  est  ensuite  applique  1  la 
courbe  pr6c6dente,  et  les  gradients  "mesurbs"  (Gfm, 
Gbm)  sont  compares  aux  gradients  thboriques  (Gft, 
Ght). 

L'ensemble  de  ces  operations  a  6tb  applique  une 
centaine  de  fois  k  chacun  ties  modules  ayant  servi  k 
l'btude,  de  manibre  k  obtenir  une  statistique  de 
l'incertitude  globale.  De  plus,  quatre  classes  d'erreur 
de  mesure  ont  btb  considirfes,  correspoodant  aux 
couples  (8Pm,  8Bm)  suivants  :  (501cm,  2°),  (50km,  1°), 
(25km,  2°)  et  (25km,  1°).  Le  tableau  de  la  figure  11 
donne  les  rbsultats  obtenus  dans  2  cas  extremes. 

On  observe  que  la  precision  est  meilleurr  pour  Hm 
grand,  ce  qui  Concorde  avec  le  fait  que  la  'grille  est 
alors  plus  btalbe,  les  mailles  sont  plus  larges,  done  la 
sensibilitb  aux  variations  de  Pg  et  8  est  plus  faible 
(voir  figure  5a).  D'autre  part,  les  erreurs  sont  du 
mbme  ordre  de  grandeur  pour  les  deux  gradients,  et 
dies  dberoissent  plus  vite  lorsque  6fiM  diminue,  que 
lorsque  e’est  8Px  qui  diminue.  Cda  signifie  qu'en 
pratique,  il  faudra  tbaliser  des  rbseaux  d'antennes 
ayant  une  exceilente  resolution  angulaire  pour  pouvoir 
atteindre  une  precision  de  l'ordre  de  lO^km'1,  mais 
aujourd'hui  cda  ne  constitue  plus  une  barribre 
technologique. 

Quoi  qu'il  en  soit,  mfime  avec  une  resolution  de  50km 
sur  Pg  et  de  2°  sur  8,  la  mbthode  proposbe  ambliore  la 
precision  d'un  facteur  au  moins  bgal  k  5  par  rapport 
aux  mbthodes  anterieures,  ce  qui  constitue  un  progrbs 
remarquable. 

Signalons  enfin  que  la  mbthode  d'inversion  a  ete 
devdoppec  pour  determiner  les  parambtres  de  la 
couche  F2,  mais  que  l'adjonction  des  parambtres  de  la 
couche  E  suffit  k  definir  le  modble  de  Bradley- 
Dudeney.  Les  couches  infbrieures  E  et  FI  introduisent 
essentiellement  un  retard  de  propagation  et  un 
allongement  de  la  trajectoire,  tous  deux  susceptibles 
d'etre  cotrigbs. 


VI.- CONCLUSION  - 

Le  problbme  de  1' inversion  des  ionogrammes  de 
rbtrodiffusion  est  k  la  base  de  nombreuses 
applications :  telecommunications,  radars 

transhorizon,  etudes  geophysiques  et  localisation  k 
parti r  d'un  site  unique. 

L'utilisation  d'un  sondeur  ionospherique  monostatique 
k  retrod iffusion  offre  un  moyen  de  mesure  simple, 
efficace  et  peu  polluant  compte  tenu  des  faibles 
puissances  qu'il  est  possible  d'utiliser. 

Les  precisions  que  Ton  peut  atteindre  sur  la  mesure  de 
l'angle  d'eievation  (*>  ±  1  k  ±  2“)  permettent  de 
stabiliser  les  solutions  du  processus  d'inversion,  et  de 
determiner  les  parambtres  ionosphbriques  avec  une 
precision  superieure  -  d'un  facteur  5  k  10  -  aux 
mbthodes  jusqu’ici  uhlisbes. 

L'exploration  azimutale  permet  de  tracer  une 
cartography  de  1'ionosphbre  sur  une  zone  de  l'ordre  de 
6000  km  de  diambtre  comme  le  montre  la  figure  12. 

L'utilisation  de  ces  cartes  est  pibcieuse  dans  toutes  les 
applications,  notamment  dans  les  problbmes  de 
localisation  k  partir  d'un  site  unique. 
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3000  km 


220  km  FIGURE  l  :  Tracd  de  rayon  en  presence  de  gradients  horizontaux. 
Module  de  Bradley-Dudeney. 
hmF2  =  300  km,  ymF2  =  150  km,  x  =  F/foF2  =  4 
Gh  =  1.10"*  km"1,  Gf  =  0,  $h  =  60° 


Quest 


FIGURE  2  :  Sondage  par  rdtrodiffusion  4  frequence  fixe  et  azimut  variable. 
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[GURE3  :  Emploi  des  courbes  de  transmission  gSndralis&s  pour  ^valuer  l'inclinaison 
des  couches  ionosphdriques. 
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Figure  3c 


Gf(10'5  knr') 


EKHIBE-S:  Evolution  de  la  grille  P'F(flF)  en  fonction  de  Hm  et  de  Ryh  (figure  5a),  et 


en  fonction  de  x  =  F/Fc  (figure  5b). 


•n 

•  - 1  . 

1 

• 

Hm  =  250  km 

Ryh  =  0,4 

x  =  1,5 

c 

K 

•  * 

t 

:  • 

• 

;►  • 

• 

« 

V  , . 

• 

•  ii 

• 

. 

. 

« 

*: 

; 

•9 

• 

■  .  . 

>. 

i 

: 

'  '! 

• 

1 

■  :•!, 

-  : 

-  j 

•}  # 

.« 

* 

.  » 

r 

* 

i  *i  • 

n 

'* 

•  « 

n 

• 

f  ♦ 

• 

• 

• 

-H 

‘•••i  ■ 

^LLIX. 

•  . 

• 

• 

Gh(10-5  km-’)  - *■ 

FIGURE  6  :  Inversion  sans  correction  :  comparison  entre  les  solutions  approch&s 
(petits  cercles)  et  les  solutions  exactes  (intersections  du  rdseau). 


Gf(10s  km'1) 


- i 

l— 

• 

T 

i 

I* 

X 

x 

-< 

j 

U 

J 

f 

~+- 
01  _ 

Hm  =  250  km 

• 1 

'■ 

• 

i_ 

< 

X 

A 

r 

1 

L 

i 

T 

i 

-  ^  - 

jL 

X  Ryh  =  0,4 
.  ■ 

• 

i 

• 

1 

■I — 

1 

j 

1 

T 

1 

4  - 

j 

x  =  1,5 

l 

r 

i 

X" 

1 

% 

—i 

1 

> 

T 

j 

i 

1 

_ 4 _ 

_ | 

.  I 

«  i 

_ _ 

r 

9 

9 

_ 

'  0  '  ' 

j 

♦ 

i 

* 

j 

i 

j 

^ ^ 

r 

i 

% 

_ 

_ i 

1 

i _ 

t 

i 

. 

r 

•1 

T 

* 

JL 

j 

i 

1 

i 

. «  . 

i 

L 

1 

— 0  ; 

r 

T 

•i 

j 

i 

1 

j 

_ 5 

i 

i _ 

i 

t 

0  -  ■ 

L 

i 

_L_ 

h  , 

— *8  - 

__  _ i 

r 

• 

i 

05 

_ 

»i 

X 

i 

1 

l _ 

! 

1 

i 

— 

1 9 

._4 

i 

• 

i 

l 

a  ; 

9  ■ 

i 

‘ 

i 

r 

"  jr 

I 

9 

U 

r 

“4 

-X 

LU, 

4- 

' 

I 

“4^ 

4 

l  0 

n  t  t  5  j_l 

«tl 

,  » 

%  » 

■  ""ii  Lti« 

Gh(10'5  km'1)  - *> 

FIGURE  7 :  Inversion  avec  correction  :  comparaison  entre  les  solutions  approchdes 
(petits  cetcles),  les  solutions  exactes  (intersections  du  rdseau),  et  les 
solutions  corrigdes  (croix). 


Pg(km) 


FIGUREIO  :  Simulation  d’une  courbe  Pg(B)  "mesurde". 


Organigramme  du  processus  d’inversion. 
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Distribution  des  erreurs  de  mesure  pour  Pg  et  B. 


FIGURE  12  :  Cartographic  de  l'ionosphfcre  momrant  les  courbes  d’isofrdquence  optimale 
de  trafic  (isofot). 
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Preliminary  results  from  the  measurements  of  high  fre¬ 
quency  (ILF)  backscattcred  signals  from  the  auroral  iono¬ 
sphere  using  the  Verona-Ava  Linear  Array  Radar  (VALAR) 
system  are  presented.  VALAR  is  an  experimental  HF  back- 
scatter  system  capable  of  obtaining  high  resolution  synoptic 
mapping  of  HF  signals  backscattcred  from  field-aligned 
electron  density  irregularities  in  the  auroral  ionosphere.  The 
receive  system  includes  a  700  meter  long  linear  array,  pro¬ 
viding  the  high  azimuthal  resolution  required  for  determin¬ 
ing  the  spatial  distribution  of  HF  auroral  backscatter.  Since 
the  completion  of  the  system  tests  and  calibration  at  the  end 
of  1989,  experimental  campaigns  have  been  carried  out  on  a 
near-monthly  basis.  In  this  paper,  we  provide  a  brief  de¬ 
scription  of  VALAR  and  present  preliminary  measurements 
of  three  types  of  phenomena:  ground  backscatter.  slant-F, 
and  auroral  backscatter. 

1,  INTRODUCTION 

HF  radars  operating  at  high  latitudes  are  subject  to  periods 
of  degradation  in  performance  due  to  the  presence  of  elec¬ 
tron  density  irregularities  tn  the  auroral  ionosphere  These 
irregularities  can  be  envisioned  as  a  random  distribution  of 
cylindrical  blobs  or  patches  elongated  in  the  direction  of  the 
Earth's  magnetic  field.  HF  signals  propagating  in  the 
auroral  ionosphere  can  be  strongly  backscattcred  to  the  radar 
receiver  when  the  wave  normal  is  perpendicular  (or  almost 
perpendicular)  to  these  magnetic  field-aligned  irregularities 
(Figure  1).  These  irregularities  tend  to  drift  with  a  distribu¬ 
tion  of  velocities  in  the  auroral  ionosphere,  causing  both 
Doppler  shifts  and  spreads  in  the  backscattcred  signal.  This 
unwanted  backscattcred  signal  is  termed  auroral  clutter.  The 
properties  of  auroral  clutter  are  poorly  understood,  requiring 
extensive  analysis  and  characterization  prior  to  the  devel¬ 
opment  and  evaluation  of  clutter  mitigating  techniques 

Rome  Laboratory's  Verona  Ava  Linear  Amy  Radar 
(VALAR)  is  a  unique  experimental  HF  backscatter  system 
dedicated  to  investigating  the  characteristics  of  auroral  clut¬ 
ter.  It  is  capable  of  providing  the  high  azimuthal  resolution 
required  for  determining  the  spatial  distribution  of  HF 
auroral  backscatter.  VALAR  also  provides  a  unique  ele¬ 
mental  data  recording  capability  for  the  development  and 
evaluation  of  clutter  mitigating  techniques.  The  acquired 
elemental  data  are  processed  and  analyzed  off-line.  In  this 
paper  we  provide  a  brief  description  of  VALAR  and  present 


Figure  1.  Ray  paths  of  HF  waves  depicting  direct 
backscatter  from  field-aligned  irregularities  in  the 
auroral  ionosphere. 


some  results  from  the  preliminary  analysis  of  data  collected 
during  1990. 

2,  SYSTEM  PESCHITTIPN 

VALAR  was  developed  by  Rome  Laboratory  to  establish  a 
dedicated  experimental  HF  backscatter  system  to  resolve 
various  clutter  mitigation  issues.  The  receive  system  is  ca¬ 
pable  of  providing  the  narrow  azimuthal  beam  required  to 
accurately  determine  the  spatial  distnbution  of  auroral  clut¬ 
ter.  The  transmit  system  is  located  in  Ava,  NY.  and  the  re¬ 
ceive  system  is  in  Verona,  NY.  The  approximate  geo¬ 
graphical  location  of  VALAR  is  43°  24"  North  and  75°  23" 
West.  From  this  location,  geographic  north  is  about  5  east 
of  geomagnetic  north 

2.1  Transmit  System 

The  Ava  transmit  site  provides  various  transmitter  and  an¬ 
tenna  configurations  for  both  low  and  high  power  require¬ 
ments  The  facility  supplies  HF  signals  in  the  2  to  30  MHz 
band  at  up  to  300  kW  average  power.  It  has  the  capability 
to  simultaneously  transmit  both  a  wideband  Swept-Fre- 
quency  Continuous  Wave  (SFCW)  and  a  narrowband  linear 
Frequency-Modulated  Continuous  Wave  (FMCW)  signal. 
The  wideband  SFCW  signal  is  required  to  operate  the 
oblique  backscatter  sounder  located  in  Verona.  During  a 
typical  data  acquisition  campaign,  a  north-looking  rhombic 
antenna  is  used  to  support  the  low  launch  angle  requirement 
of  VALAR.  At  10  MHz.  the  theoretical  3  dB  elevation 
beam  width  of  this  rhombic  is  14  deg  centered  at  10  deg  ele¬ 
vation.  The  theoretical  3  dB  azimuthal  beamwidtb  is  also 
14  deg. 
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Figure  2.  System  block  diagram.  A  subsystem  con¬ 
sisting  of  a  subarray,  a  preamplifier,  and  an  HF  re¬ 
ceiver  is  indicated  in  the  dotted  box. 


2.2  Receive  System 

A  block  diagram  of  the  receive  system  is  shown  in  Figure  2. 
The  receive  system  consists  of  36  preamplifiers,  36  identical 
narrow  band  HF  receivers,  a  MicroVaxU,  a  Kennedy  6470 
tape  drive,  and  a  700  meter  long  linear  array  described  be¬ 
low.  Each  receiver  converts  the  HF  analog  signals  to  com¬ 
plex  digital  baseband  data  and  includes  a  motherboard  with 
1  Mbyte  of  RAM  where  the  digitized  data  are  temporarily 
buffered  pnor  to  serial  transfer  to  the  MicroVaxU.  The  data 
acquisition  software  on  the  MicroVaxU  allows  the  user  to 
select  various  system  parameters  during  data  acquisition.  In 
addition  to  the  data  acquisition  software,  diagnostic  software 
is  also  available  on-site.  This  software  enables  an  on-line 
check  of  both  system  performance  and  data  quality.  The 
operator  can  simultaneously  display  the  amplitude,  phase, 
and  signal-to-noise  ratio  (SNR)  of  all  36  channels,  examine 
the  frequency  spectrum  of  a  single  channel,  and  plot  the 
azimuthal  distribution  of  the  power  incident  on  the  antenna 
array  for  a  given  range. 

The  configuration  of  the  receive  array,  consisting  of  36  sub¬ 
arrays  of  two  active  and  two  passive  monopoles,  is  shown  in 
Figure  3a.  The  array  was  designed  to  optimize  the  perform¬ 
ance  over  the  frequency  band  of  6  to  12  MHz  because 
auroral  clutter  is  a  nighttime  phenomenon  and  the  iono¬ 
sphere  docs  not  support  higher  frequencies  during  this  pe¬ 
riod.  Previous  antenna  pattern  measurements  at  12  MHz 
have  indicated  a  2.5  deg  half-power  bcamwidtb 
(unweighted),  23  dB  array  gain,  and  30  dB  RMS  sidelobe 
levels  (Gould,  1990).  With  the  boresight  of  th-  array  at  10° 
east  of  geographic  north,  VALAR  provides  a  coverage  area 
extending  in  azimuth  from  20°  west  to  40°  east  of  geo¬ 
graphic  north  and  in  slant  range  from  500  to  2500  km  The 
coverage  area  of  VALAR  is  shown  in  Figure  3b.  The  13 
beams  indicated  in  the  figure  are  the  azimuth  beams  used  in 
the  range-Doppler  processing.  These  13  beams  are  steered 
at  5  deg  intervals  over  the  60  deg  coverage  of  VALAR.  for 
example,  beams  1,  7,  and  9  are  20°  west,  10°  east,  and  20° 
east  of  geographic  north,  respectively.  Also  depicted  in 
Figure  3b  is  the  approximate  position  of  the  auroral  oval  at 
2100  hr  local  time  (!.T)  for  a  typical  magnetic  index  of  Q=3. 
Note  that  both  the  cquatorward  and  polarward  boundaries  of 
the  auroral  oval  are  within  the  field  of  view  of  VALAR. 


(b)’ 


Figure  3.  (a)  Configuration  of  VALAR  antenna  array. 
The  four  darker  elements  indicated  form  one  of  36 
subarrays  (b)  Coverage  area  of  VALAR  and  the  ex¬ 
pected  position  of  the  auroral  oval  at  2100  hr  for  mag¬ 
netic  index  Q=3. 


}.  HF  BACKSCATTEBuMEASVREMENTS 

On  September  24,  1990,  HF  backscattcr  data  were  collected 
from  1900  to  2400  hr  (all  times  referenced  hereafter  will  be 
in  local  time).  Auroral  backscattcr  began  to  appear  in  the 
ionograms  around  2040  hr  A  sequence  of  snapshots  of  HF 
backscutter  data  were  acquired  from  2020  to  2250  hr  using  a 
coherent  integration  time  of  3.2  seconds  and  an  operating 
frequency  of  10.58  MHz.  A  waveform  repetition  frequency 
(WRF)  of  25  Hz  was  selected  to  remove  range  ambiguities 
up  to  6000  km,  and  this  1  united  the  Doppler  bandwidth  to  25 
Hz.  At  2250  hr  the  intensity  of  the  auroral  backscattcr  de¬ 
creased  significantly  at  10.58  MHz  and  the  operating  fre¬ 
quency  was  c  •  jnged  to  7.87  MHz. 

In  this  section,  we  resent  measurements  made  during  2020 
to  2250  hr.  In  Section  3.1,  the  north-look  backscattcr  lono- 
grams  obtained  at  Verona.  NY  will  be  presented  to  identify 
various  types  of  backseattered  signals  observed  during  the 
evening.  In  Section  3.2.  the  characteristics  of  ground  back- 
scitler  under  normal  ionospheric  conditi  ns  will  be  de¬ 
scribed.  The  measurements  of  slant-F  and  auroral  backscat- 
ter  made  during  2100  to  2250  hr  will  follow  in  Section  3.3 
and  3.4,  respectively.  These  will  be  presented  in  the  form  of 
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amplitude-range-azimuth  (ARA)  maps  and  amplitude-range- 
Doppler  (ARD)  maps.  The  ARA  maps  display  ihe  slant 
range  and  azimuth  distribution  of  the  backscattered  signals 
prior  to  Doppler  processing,  white  (he  ARD  maps  display 
the  slant  range  and  Doppler  distnbution  of  the  backscattered 
signals  for  a  given  azimuth  beam.  For  the  ARA  maps,  the 
height  of  the  ionosphere  was  assumed  to  be  300  km  to 
overlay  the  HF  backscattcr  data  on  a  coastline  map. 

3.1  Backscattcr  Iooograms 

The  north-look  backscattcr  ionogram  obtained  at  2030  hr  is 
shown  in  Figure  4a.  It  is  a  typical  backscattcr  ionogram  ob¬ 
tained  under  normal  propagation  conditions  during  early 
evening.  The  returned  signals  at  frequencies  between  6.S  to 
9  S  MHz  arc  from  Ihe  First  and  second  vertical  incidences. 
The  slant  range  of  the  first  vertical  incidence  at  6.S  MHz  is 
about  300  km  which  is  a  typical  F-layer  height.  As  ex¬ 
pected.  the  slant  range  of  the  second  vertical  incidence  is 
about  twice  the  first  Beyond  9.5  MHz,  the  ground  back- 
scatter  emanates  from  the  second  vertical  incidence  and  in¬ 
creases  in  slant  range  with  increasing  frequency.  The 
ground  backscattcr  return  indicates  a  signal  that  is  twice  re¬ 
flected  from  the  F-layer  in  returning  to  the  receiver  via  a 
reciprocal  ray  path.  The  increase  in  slant  range  with  in¬ 
creasing  frequency  is  expected  since  the  oblique  angle  of 
reflection  increases  with  increasing  frequency.  At  10  58 
MHz.  the  leading  edge  the  of  ground  backscattcr  is  at  800 
km. 
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The  backscattcr  ionogram  obtained  at  2125  hr  is  shown  in 
Figure  4b.  The  slant  range  of  the  leading  edge  of  the  ground 
backscattcr  at  10.58  MHz  is  approximately  1200  km  The 
increase  in  slant  range  from  800  km  at  2030  hr  to  1200  km 
at  2125  hr  is  due  to  the  increase  in  F-layer  height  during  the 
latter  part  of  the  night.  Three  additional  backscattered 
signals  are  indicated  in  the  ionogram  as  slant-F  and  auroral 
backscattcr,  respectively.  At  10.58  MHz,  the  leading  edge 
of  the  slant-F  is  at  500  km  while  the  leading  edges  of 
auroral  backscatters  are  at  800  and  1300  km  in  slant  range. 
Slant-F  echoes  are  the  direct  backscattered  signals  from 
field-aligned  irregularities  in  the  F-region  ionosphere 
(Bates,  1960).  From  the  location  of  VALAR,  they  are 
associated  with  irregularities  in  the  subauroral  F-layer 
(Tsunoda  et  al,  1981).  The  auroral  backscattcr  is  associated 
with  echoes  from  the  auroral  F  region  and  may  appear  at 
both  long  and  short  slant  ranges.  The  long  slant  range  is 
associated  with  high  elevation  angle  while  the  short  slant 
range  implies  low  elevation  angle  (Montbraind.  1988) 

3d!  Ground  Backscattcr 

The  range-azimuth  distnbution  (ARA  map)  of  the  backscat¬ 
tered  signals  at  2030  and  2130  hr  is  shown  in  Figure  5a  and 
5b,  respectively  The  dominant  features  in  Figure  5a  are  the 
bands  of  backscattered  signals  between  800  and  1200  km. 
uniformly  distributed  in  azimuth  In  Figure  5b,  the  bands  of 
backscattered  signals  are  visible  between  1200  and  1800 
km.  Since  the  range  extent  of  these  backscattered  signals 
arc  in  a  good  agreement  with  the  range  extent  of  the  ground 
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Figure  4.  North-look  backscattcr  ionograms  obtained  on  September  24,  1990  at  (a)  2030  hr, 
showing  the  ground  backscattcr  under  normal  propagation  condition  and  (b)  2125  hr,  showing 
additional  echoes,  slant-F  and  auroral  backscatter. 
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Figure  7.  Doppler  spectra  of  ground  backscatter  at 
2030  hr  for  beams  5, 7,  and  9. 

backscatter  observed  in  the  ionograms,  we  can  conclude  that 
these  bands  of  backscattcred  signals  are  ground  backscatter. 

We  can  further  characterize  the  ground  backscatter  by  ana¬ 
lyzing  tbc  ARD  maps  obtained  at  these  times  as  shown  in 
Figure  6a  and  6b,  respectively.  Since  the  ground  is  a  sta¬ 
tionary  target,  it  is  characterized  by  a  peak  Doppler  fre¬ 
quency  of  0  Hz.  Hence  ground  backscatter  can  be  identified 
in  these  ARD  maps  as  backscattcred  signals  with  peak 
Doppler  signature  at  0  Hz. 

In  Figure  6a,  the  bands  of  backscattcred  signals  between  800 
and  1200  km  indeed  exhibit  0  Hz  peak  Doppler  frequency, 
which  confirms  our  earlier  hypothesis  that  these  backscat- 
tered  signals  are  ground  backscatter.  These  maps  also  ex¬ 
hibit  some  backscattcred  signals  from  the  ground  as  far  as 
2000  km  in  slant  range,  suggesting  the  presence  of  multi¬ 
hop  modes.  Figure  7  shows  the  Doppler  spectra  for  beams 
3,  5,  and  7.  These  Doppler  spectra  are  obtained  by 
averaging  S  range  bins  about  the  range  bin  with  peak  in¬ 
tensity.  The  ground  clutter  is  approximately  30  dB  above 
tbc  noise  floor  and  the  spread  is  confined  to  about  +/-  1  Hz 
about  0  Hz. 

The  ARD  maps  obtained  at  2130  hr  (Figure  6b)  show  that 
the  bands  of  backscattcred  signals  between  1200  to  1800  km 
consist  of  both  ground  and  auroral  backscatter.  The  ground 
backscatter  is  observed  in  all  beams,  with  highest  intensity 
in  beams  1  thru  4.  It  is  interesting  to  note  that  the  ground 
backscatter  exhibits  decreased  intensity  and  range  extent  in 
beams  5  thru  10,  where  the  slant-F  and  auroral  backscatter 
are  present.  This  is  probably  so  because  some  of  the 
transmitted  rays  are  directly  backscattcred  by  the  field- 
aligned  irregularities  and  never  propagate  out  to  the  ground. 
Future  analysis  using  ray  tracing  will  confirm  our  hypothe¬ 
sis. 


3J  Slant-F 

Slant-F  echoes  were  described  in  Section  3.1  as  directly 
backscattcred  signals  from  field-aligned  irregularities  in  the 
subauroral  F-regioo  ionosphere.  It  was  shown  that  the 
leading  edge  of  slant-F  is  at  500  km.  The  ARA  map  ob¬ 
tained  at  this  time  (Figure  5b)  indeed  shows  tome  backscat- 
tered  signals  between  500  to  600  km  slant  range.  The  ARD 
maps  obtained  at  2130,  2202,  and  2242  hr  are  presented  in 
Figure  6b  -  6d.  These  ARD  maps  represent  the  measure¬ 
ments  during  early  evening,  peak  auroral  activity,  and  late 


Doppler  Frequency  (Hz) 


•12  5  0  12  5 

Doppler  Frt  cy  (Hz) 


Figure  8.  Doppler  specti*  otant-F  echoes  (a)  at 
2130  hr  for  beams  3,  5,  and  7  and  (b)  of  beam  5  at 
2130  and  2202  hr. 
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evening  period,  respectively.  Slant-F  echoes  are  seen  in  the 
ARD  maps  in  Figure  6b  and  6c,  but  they  are  absent  in  the 
measurement  made  at  2242  hr.  This  suggests  that  slant-F  is 
a  time  dependent  phenomenon,  with  peak  activity  between 
2100  and  2200  hr  on  this  night. 

The  early  evening  slant-F  echoes  exhibit  Doppler  character¬ 
istics  resembling  that  of  the  ground  backscatter.  The  peak 
Doppler  spectra  of  slant-F  echoes  at  2130  hr  are  shown  in 
Figure  8a  for  beams  3,  S,  and  7.  It  is  evident  from  this  fig¬ 
ure  that  the  slant-F  echoes  exhibit  very  little  spread  about 
the  peak  Doppler  frequency,  similar  to  the  Doppler  charac¬ 
teristic  of  the  ground  backscatter.  Unlike  ground  backscat¬ 
ter,  however,  the  slant-F  echoes  exhibit  shifts  in  the  peak 
Doppler  frequencies,  with  the  amount  of  shifting  depending 
on  the  azimuth  beams. 

After  2200  hr,  the  slant-F  echoes  measured  during  the  sub¬ 
sequent  peak  auroral  activity  period  also  exhibited  shifts  in 
the  peak  Doppler  frequencies.  This  is  evident  in  the  ARD 
maps  obtained  at  2202  hr  shown  in  Figure  6c  In  addition  to 
the  shift  in  the  peak  Doppler  frequencies,  the  slant-F  echoes 
at  2202  hr  exhibit  an  increase  in  Doppler  spread  This  is 
evident  in  figure  8b,  which  displays  the  Doppler  spectra  of 
the  slant-F  echoes  at  2130  and  2202  hr  for  the  north-look 
beam. 

3.4  Auroral  Backscatter 

Auroral  backscatter  were  described  in  Section  3.1  as  directly 
backscattercd  signals  from  the  field-aligned  irregularities  in 
the  auroral  F-rcgion.  The  ionogram  obtained  at  2125  hr 
(Figure  4b)  clearly  exhibits  two  distinct  leading  edge  of 
auroral  backscatter  at  800  and  1300  km.  The  ARD  maps  at 
this  tune  (Figure  6b)  also  show  auroral  backscatter  starting 
at  these  ranges.  The  measurements  of  the  auroral 
backscatter  at  2202  hr  (Figure  6c)  exhibit  an  increase 
number  of  echoes  of  distinct  range  and  azimuthal  extents. 
These  backscattered  signals  appear  in  bands,  extending 
approximately  150  km  in  slant  range  and  10  to  20  degrees  in 
azimuth.  The  ARD  maps  obtained  at  2242  hr  show  a 
significant  decrease  in  the  number  of  auroral  backscatter 
echoes,  which  is  an  evidence  of  decreased  auroral  activity. 

We  can  categorize  the  auroral  backscatter  measured  during 
this  period  as  one  of  two  types  depending  on  the  slant  range 
of  these  echoes.  Since  the  short  slant  range  is  associated 
with  low  elevation  angle  and  the  long  slant  range  is  associ¬ 
ated  with  the  high  elevation  angle,  these  will  be  labeled  low 
ray  and  high  ray,  respectively.  Hie  low  ray  backscatter  is 
due  to  the  direct  backscatter  resulting  from  classical  ray 
propagation  as  shown  in  Figure  9  If  we  assume  a  spherical 
Earth  and  an  F-layer  height  of  300  km,  the  approximate 
slant  range  for  a  low  ray  path  is  1200  km  for  a  ray  with  10 
deg  take-off  angle.  For  a  longer  one-way  slant  range,  the 
take-off  angle  must  be  less  than  10  deg  Since  the  receive 
elements  are  vertical  monopoles  with  very  poor  low  angle 
coverage,  we  can  establish  that  any  backscattered  signals  be¬ 
yond  1200  km  cannot  be  due  to  direct  backscatter  resulting 
from  a  low  ray  path.  The  auroral  backscatter  which  appears 
at  slant  range  greater  than  1200  km  must  be  due  to  high 
rays.  An  example  of  such  a  ray  path  is  shown  in  figure  9. 


Figure  9.  Paths  of  low  ray  and  high  ray  backscattered 
signals  from  the  field  aligned  irregularities  in  the  auroral 
ionosphere. 


The  low  ray  backscatter  is  characterized  by  a  shifted  Dop¬ 
pler  peak  with  increased  intensity  and  spread  during  the 
peak  auroral  activity  period  The  Doppler  spectra  of  the  low 
ray  backscatter  at  800  km  slant  range  at  2130  hrs  is  shown 
in  Figure  10  for  beams  5,  7,  and  9.  The  shifts  in  peak 
Doppler  frequency  and  the  extents  of  Doppler  spread  evi¬ 
dent  in  the  figure  are  greater  in  comparison  to  those  for 
slant-F.  The  spread  is  limited,  however,  suggesting  a  small 
longitudinal  velocity  variance. 
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Figure  10.  Doppler  spectra  of  low  ray  backscattered 
signals  at  2130  hr  for  beams  5, 7,  and  9. 


On  the  other  band,  the  high  ray  backscatter  starting  at  1250 
km  in  Figure  6b  and  1050  km  in  Figure  6c  arc  characterized 
by  high  intensity  and  almost  noise-like  Doppler  distribution. 
The  peak  Doppler  frequency  and  Doppler  distribution  can 
not  be  inferred  from  these  ARD  maps.  Figure  11a  shows  the 
Doppler  spectra  of  the  high  ray  backscatter  at  1300  km 
(Figure  6b)  for  beams  5  and  7.  The  Doppler  distribution  of 
beam  5  exhibits  wide  frequency  spread  about  a  positive  peak 
frequency,  while  the  Doppler  distribution  of  beam  7  exhibits 
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Figure  11.  Doppler  spectra  of  high  ray  backscattered 
signals  (a)  2130  hr  for  beams  5  and  7  and  (b)  at  2130 
and  2202  hr  for  beam  5. 


similar  spread  about  a  negative  peak  frequency  Subse¬ 
quently  during  the  peak  auroral  activity  period,  the  Doppler 
spread  of  the  high  ray  signals  increased  even  furth  r.  Figure 
lib  displays  the  Doppler  spectra  of  the  high  ray  signals  at 
2130  and  2202  hr  for  the  north-look  beam  The  Doppler 
spectrum  obtained  at  2202  hr  is  not  limited  to  the  25  Hz 
Doppler  bandwidth  and  it  resembles  that  of  noise.  The  noise 
like  characteristic  exhibited  by  the  Doppler  spectrum  at 
2202  hr  is  due  to  the  high  longitudinal  velocity  variance  of 
(he  irregularities  during  the  peak  auroral  activity  period. 


Future  data  acquisition  will  be  carried-out  with  a  higher 
WRF,  thereby  increasing  the  Doppler  bandwidth.  It  will 
allow  us  to  characterize  the  spread  extent  of  the  Doppler 
and,  consequently,  the  velocity  distribution  of  the  high  .ay 
backscattcr 

4,  DISCUSSION 

rn  the  previous  section  we  described  Ihe  characteristics  of 
ground  backscattcr  and  identified  two  types  of  backscattered 
signals  from  the  high  latitude  ionosphere:  slant-F  and 
auroral  backscattcr.  The  two  types  have  been  distinguished 
by  their  origin  in  the  ionosphere.  The  slant-F  echoes  were 
described  as  the  backscattered  signals  from  the  sub-auroral 
F-region,  while  the  aurora,  backscattcr  have  been  associated 
with  the  auroral  F-region  The  auroral  backscattcr  echoes 
were  classified  as  either  low  ray  or  high  ray,  depending  on 
Ibe  slant  range  of  the  echoes.  In  this  section  wc  present  a 
brief  discussion  of  the  data  presented  in  section  3.3  and  3.4. 

In  Section  3.3  the  shifts  in  the  peak  Doppler  frequencies  of 
the  slant-F  echoes  were  shown  to  depend  on  azimuth. 
Figure  12  displays  the  peak  Doppler  frequencies  as  a 
function  of  the  beam  steering  angle  for  the  measurements  at 
2130  and  2202  hr.  For  the  azimuths  west  of  -5°  (beam  4), 
the  peak  Doppler  frequencies  are  negative,  implying  that  the 
irregularities  arc  moving  away  from  the  radar.  The  peak 
Doppler  frequencies  for  the  azimuths  east  of  -5°  are 
positive,  implying  that  the  irregularities  are  moving  towards 
the  radar.  This  suggests  that  the  field-aligned  irregularities 
in  the  subauroral  F-region  are  moving  cast  to  west  Since 
the  peak  Doppler  frequency  is  almost  zero  at  beam  4.  the 
longitudinal  velocity  is  near  zero  there  Therefore,  the 
motion  of  the  irregularities  is  probably  transverse  to  the 
radar  look  direction  at  this  azimuth  beam. 


Figure  12.  Peak  Doppler  frequency  of  slant-F  echoes 
with  respect  to  azimuth  at  2130  and  2203  hr. 
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It  is  interesting  to  note  that  the  shift  in  peak  Doppler  fre¬ 
quency  is  not  linear  with  respect  to  azimuth.  This  is 
probably  because  the  longitudinal  velocity  measured  by 
VALAR  at  different  azimuth  beams  varies  as  the  cosine  of 
the  aspect  angle,  where  the  aspect  angtc  is  defined  as  the 
angle  between  the  radar  steering  vector  and  the  velocity  vec¬ 
tor  of  the  irregularities 

The  mean  Doppler  spectrum  of  the  high  ray  backscattered 
signals  obtained  at  2130  hr  was  presented  in  Figure  11.  It 
was  shown  that  the  Doppler  distribution  of  beam  5  exhibited 
frequency  spread  about  a  positive  peak  Doppler  frequency, 
while  beam  7  exhibited  a  similar  spread  about  a  negative 
peak  Doppler  frequency.  The  Doppler  characteristic  of 
beam  5  leads  to  a  conclusion  that  the  irregularity  structure  is 
moving  towards  the  radar  with  a  large  velocity  variance 
However,  the  negative  Doppler  distribution  of  beam  7, 
which  is  10°  to  the  cast  with  respect  to  beam  5,  suggest  that 
the  same  irregularity  is  moving  away  from  the  radar,  which 
leads  to  a  contradiction. 

This  contradiction  can  be  resolved  as  follows.  A  WRF  of  25 
Hz  limits  the  Doppler  bandwidth  to  -12.5  to  12  5  Hz.  and 
consequently  limits  the  maximum  longitudinal  velocity  ob¬ 
servable  The  maximum  unambiguous  longitudinal  velocity 
towards  the  radar  for  25  Hz  WRF  and  10  58  MHz  operating 
frequency  is  177  m/sec  If  the  Doppler  velocity  is  greater 
than  177  m/scc  it  will  'wrap-around'  and  appear  in  the  nega¬ 
tive  Doppler  band.  Considering  the  expected  position  of  the 
auroral  oval  and  the  direction  of  the  clcctrojct  current  rela¬ 
tive  to  VALAR  at  2130  hr.  the  Doppler  shift  should  be 
positive  Furthermore,  the  longitudinal  velocity  of  the  ir¬ 
regularity  for  beam  7  will  be  greater  than  beam  5  There¬ 
fore,  we  can  conclude  that  the  negative  Doppler  observed  in 
beam  7  is  due  to  Doppler  velocities  greater  than  177  m/scc 
toward  the  radar 

SUMMARY 

HF  auroral  backscattcr  data  collected  using  VALAR  have 
been  presented  in  this  paper  The  capability  of  VALAR  to 
observe  auroral  clutter  makes  it  a  unique  instrument  for 
understanding  and  mitigating  the  problems  associated  with 
HF  radars  operating  at  high  latitudes.  The  range-azimuth 
distribution  and  Doppler  characteristics  of  HF  auroral 
backscattcr  during  a  two  hour  period  were  presented  Siant- 
F  echoes  were  identified  as  originating  in  the  sub-auroral 
ionosphere,  and  exhibited  small  shifts  in  peak  Doppler  fre¬ 
quency  and  very  small  Doppler  spread.  Auroral  backscattcr 
echoes  were  categorized  as  one  of  two  types  low  ray  and 
high  ray.  The  Doppler  shifts  and  spreads  of  the  low  ray 
echoes  were  seen  to  be  confined  within  the  25  Hz  Doppler 
bandwidth.  The  Doppler  shifts  and  spreads  of  the  high  ray 
echoes  were  shown  to  be  much  greater  and  not 
unambiguously  resolved  at  a  WRF  of  25  Hz, 
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DISCUSSION 


R.  ROSE 

1.  What  were  the  magnetic  characteristics? 

2.  From  the  time  characteristics,  your  measurements  suggest  the  data  show  the  characteristics  of  auroral  E  generated  by  the 
eastward  auroral  electrojet  in  the  auroral  pre-midnight  sector.  Have  you  made  measurements  in  the  post-midnight  sector  and  does 
the  auroral  scatter  have  different  characteristics  from  those  you  showed  in  your  presentation? 

AUTHOR’S  REPLY 

1.  I  recall  that  the  Kp  index  for  September  24,  1990  was  equal  to  3. 

2.  We’ve  had  one  or  two  data  campaigns  which  extended  until  2  a.m.  local  time.  I  recall  a  December  S,  1990  data  set  which  we 
collected  until  2  a.m.  The  backscattcred  signals  showed  veiy  different  characteristics  and  we  believe  that  what  we  measured  during 
that  night  was  due  to  E  layer  (we  have  not  performed  mode  identification,  however,  and  we  need  to  do  that).  We  also  would  like  to 
measure  the  post-midnight  period  sometime  in  the  near  future. 

R.  JENKINS 

1.  Have  you  seen  any  evidence  of  Doppler-shifted  ground  clutter  in  your  data,  and  if  so,  does  it  follow  any  consistent  pattern'’ 

2.  Are  the  motions  observed  in  your  'low-angle'  slant-F  consistent  with  the  expected  high-lautude  ionospheric  drift  motions  for  the 
region  observed? 

AUTHOR’S  REPLY 

1.  We  mostly  collect  data  during  the  night-time  period  when  ground  backscatter  is  no  longer  observable  so  I  can’t  say  that  we 
observed  such  a  phenomenon. 

2.  Yes.  the  measurements  tend  to  show  that  the  irregularities  are  moving  from  east-lo-west  with  respect  to  the  geomagnetic  north. 

C.  GOUTELARD 

Je  ferai  d'abord  une  remaique  concemant  la  forme  de  diplacement  "en  ovale"  i  laquelle  vous  fades  allusion,  il  me  semble  que  cela 
a  ltd  signals  par  Hanuise  et  Villain  lors  d’expdriences  effectules  par  SHERPA. 

]'ai  de  plus  une  question  qui  conceme  votre  systlme.  II  me  semble  que  la  rampe  h  25 Hz  que  vous  utilisez  introduit  une  ambiguitl 
Doppler  de  ±  12^Hz  tout  h  fait  insuffisante  pour  l’ltude  de  ces  perturbations  pour  lesquelles  Ies  Dopplers  dl  pas  sent  Iargement  ces 
valetirs.  Avez-vous  prfvu  d'autres  types  de  fonctionnement? 

I  would  like  to  make  an  initial  remark  before  proceeding  with  my  question.  Concerning  the  " oval  displacement"  which  you  refer  to, 
l  seem  to  remember  that  this  was  pointed  out  by  Hanuise  and  Villain  as  part  of  experiments  carried  out  by  the  SHERPA. 

t  also  have  a  auestion  concerning  your  system.  It  would  seem  to  me  that  the  25Hz-  ramp  which  you  use  introduces  a  Doppler 
ambiguity  o]  '  SHz,  which  is  completely  insufficient  for  study  of  this  interference  for  which  Dopplers  easily  exceed  these  values. 
Have  you  con  ed  other  types  of  operation? 

AUTHOR’S  REPLY 

Yes,  in  fact  one  of  the  Doppler  spectra  shown  during  the  presentation  exhibits  Doppler  ambiguities.  We’ve  made  changes  to  WRF 
for  later  data  collection.  Cutrently,  we  run  the  radar  at  WRF=50Hz. 


7-1 


THE  LONGITUDINAL  OCCURRENCE  OF  EQUATORIAL  F  LAYER  IRREGULARITIES 
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ABSTRACT  Uni,*d  S,ates 

Determining  the  morphology  of  F  layer  irregularities  as  a  function  of  longitude  in  the  equatorial  region  is  vital  fn* 
understanding  the  physics  of  the  development  of  these  irregularities.  We  aim  to  lay  the  observational  basis  which  then  can 
be  used  to  test  theoretical  models.  Theoretical  models  have  been  developed,  notably  in  the  papers  by  R  T  Tsunoda  (Rev 
Geophys.  26,  719,  1988)  and  by  T.  Maruyama  and  N.  Matuura  (J.  Geophys  Res  89,  10903.  1984)  The  question  is  whether 
the  models  are  consistant  with  the  morphology  as  we  see  it  According  to  our  criteria,  the  data  used  should  be  confined  to 
observations  taken  near  the  magnetic  equator  during  quiet  magnetic  periods  and  at  times  within  a  few  hours  after  sunset 
Anomaly  region  data  should  be  omitted  for  studying  the  generation  mechanism. 

The  questions  to  be  answered  by  proposed  mechanisms  are  (1)  why  do  the  equinox  months  have  hign  levels  of  occurrence 
over  all  longitudes?  (2)  why  are  there  relatively  high  levels  of  occurrence  in  the  Central  Pacific  Sector  in  the  July- August 
period  and  in  the  0-75°  West  Sector  in  the  November- December  period?  (3)  why  are  there  very  low  levels  of  occurrence  in 
November  and  December  in  the  Central  Pacific  Sector  and  in  July  and  August  in  the  0-75°  West  Sector7 

Satellite  in-situ  data,  scintillation  and  spread  F  observations  will  be  reviewed  The  limitation  of  each  data  set  will  be 
outlined  particularly  as  relevant  to  the  bias  produced  by  the  existence  of  thin  versus  extended  layers  of  irregularities  A 
cartoon  as  to  the  occurrence  pattern,  as  we  see  it,  as  a  function  of  longitude  will  be  shown 

A.  INTRODUCTION 

Determining  the  morphology  is  vital  for  coming  to  grips  with  the  physics  of  the  development  of  the  F  layer  irregularities 
and  the  decay  of  these  irregularities.  With  a  knowledge  of  the  occurrence  and  characteristics  of  F  layer  irregularities  in 
the  equatorial  region  the  irregularities,  mechanisms  can  be  developed  to  explain  the  morphology  as  a  function  of  longitude, 
for  example.  The  aim  of  this  paper  is  lay  the  observational  basis  for  the  development  of  a  theory  which  would  explain 
the  morphology.  If  one  could  develop  a  definitive  morphology,  then  theoretical  models  could  be  tested  with  these  data 
Theoretical  models  have  been  developed,  notably  in  the  papers  by  Tsunoda  (1988)  and  by  Maruyama  and  Matuura  (1984) 
The  question  is  whether  the  models  explain  the  morphology. 

While  certain  elements  of  the  irregularity  morphology  we  important  for  forecasting  and  prediction  purposes  for  those 
systems  that  arc  affected  by  the  irregularities,  the  data  sets  for  the  morphology  to  be  considered  in  this  paper  arc  confined 
to  those  relevant  to  the  occurrence  of  irregularities  as  a  function  of  longitude.  We  shall  show  what  elements  of  the  total 
morphology  of  F- layer  irregularities  should  be  (and  have  not  been)  omiHed  We  shall  evaluate  the  data  base  and  give  reasons 
for  selecting  data  sets  which  are  uniquely  relevant  to  explaining  the  longitudinal  occurrence  pattern  in  the  development  of 
irregularities. 

B.  GENERAL  CHARACTERISTICS  OF  F-LAYER  EQUATORIAL  IRREGULARITIES 

F-layer  irregularities  in  the  equatorial  region  originate  at  night  in  areas  close  to  or  on  the  magnetic  equator  This  has 
been  determined  by  measuring  the  later  time  of  the  appearance  of  irregularities  as  they  develop  at  latitudes  away  from 
the  equator,  as  the  disturbance  rises  in  altitude  over  the  magnetic  equator  The  later  appearance  of  irregularities,  at  sites 
distant  from  the  magnetic  equator,  indicates  that  the  disturbance  at  these  sites  is  due  to  an  effect  along  the  lines  of  force  of 
the  earth’s  magnetic  field.  The  disturbance  rises  in  altitude  and  affects  lines  of  force  at  higher  altitudes  whicn  in  turn  means 
affecting  the  F  layer  farther  from  the  magnetic  equator.  To  distinguish  between  the  two  distinct  magnetic  equator  regions, 
some  earlier  papers  in  this  field  referred  to  the  electrojet  region  (5°  N-5°  S)  and  the  non  electro  jet  region  i  c  from  5°  to  20° 
North  and  South  dip  latitude.  The  irregularity  regions  which  are  extended  in  altitude  include  configurations  that  are  known 
as  plumes,  patches,  bubbles  and  blobs.  In  addition  to  the  regions  extended  in  altitude,  irregularities  may  be  concentrated 
in  a  thin  layer  from  200-400  km  and  these  layers  are  observed  only  in  the  vicinity  of  the  magnetic  equator 

Within  the  concentration,  the  scale  size  of  the  irregularities  ranges  from  those  that  are  probed  by  radar  (tens  of  cen¬ 
timeters  to  meters)  to  those  that  have  been  detected  by  the  scintillation  of  satellite  radio  transmissions  at  low  angles  of 
elevation  yielding  a  size  from  Fresnel  considerations  of  the  order  of  hundreds  of  meters 

It  is  well  established  that  different  longitudinal  regions  have  differing  annual  or  “seasonal”  patterns  of  the  occurrence  and 
intensity;  this  will  form  the  mam  area  of  interest  of  this  paper.  Years  of  high  solar  flux  bring  about  both  higher  occurrence  of 
equatorial  irregularities  and  higher  intensifies.  However  we  shall  show  that  the  longitudinal  pattern  remains  approximately 
the  same  even  when  solar  flux  changes  dramatically. 
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The  effect  of  magnetic  disturbances,  using  different  indices  as  well  as  differing  methods  of  anal)  sis.  has  been  established 
Depending  upon  the  electric  field  changes  and  the  local  time  at  the  particular  observatory,  irregularities  are  either  enhanced 
or  inhibited  Since  this  topic  is  outside  of  the  main  thrust  of  this  review  we  shall  confine  our  data  base,  where  possible,  to 
periods  of  low  magnetic  activity. 

There  are  various  methods  of  making  the  observations  1  hese  im  lude  in  situ  satellite  measurements  of  various  parameters 
at  altitudes  from  200  km  to  over  a  thousand  kilometers,  rocket  observations  of  electron  density,  scintillation  of  satellite  radio 
beacons,  radar  probing,  and  spread  F  detection  with  both  bottomside  and  topside  lonosondes  Each  method  measures 
somewhat  differer.1  characteristics  of  the  irregularities  Each  biases  the  data  in  different  ways  We  shall  try  to  point  out  the 
limitations  of  eatn  of  the  methods  used  to  detect  and  observe  the  irregularities. 

We  shall  not  consider  the  morphology  of  irregularities  at  the  equatorial  anomaly  latitudes  for  the  following  reasons  For 
gigahertz  scintillation  at  anomaly  latitudes,  we  need  an  irregularity  region  at  the  equator  extended  in  altitude  plus  a  high 
electron  density  in  the  post  sunset  period  These  two  requirements  are  not  met  in  years  of  low  solar  flux  This  may  be  due  to 
the  fact  that  electron  density  in  tiie  post  sunset  time  period  may  not  be  very  high  in  the  anomaly  region  in  years  of  low  solar 
flux  In  addition  to  the  problem  of  low  electron  density,  thin  layers  of  irregularities  over  the  magnetic  equator  and  layers 
not  fully  extended  in  altitude  would  not  be  observed  in  the  anomaly  region.  The  dual  requirements  for  extended  regions 
and  the  existance  of  thin  layers  mean  that  anomaly  data  cannot  be  used  to  outline  the  lungitudinal  aspt.  s  of  irregularity 
development. 

C.  RADAR 

The  technique  that  develops  the  most  information  about  equatorial  irregularities  is  radar  probing  of  the  ionosphere 
The  two  radars  which  have  been  used  are  the  50  MHz  radar  in  Jicamarca.  Peru  which  is  on  the  magnetic  equator  and  the 
400  MHz  rada.  in  Kwajalein  Island  in  the  Pacific  which  is  close  to  the  magnetic  equator  Each  of  the  radars  probes  for 
incoherent  scatter  returns  Thus  before  the  development  of  irregularities,  the  height  of  the  layer  and  the  drift  motions  arc 
measuied.  When  strong  F  layer  irregularities  develop,  the  returns  become  coherent. 

Figure  1  shows  radar  data  from  Jicamarca  and  Figures  2  and  3  show  data  taken  by  the  ALTAIR  Radar  in  Kwajalein. 
For  our  purposes  let  us  note  the  following  First  in  Figure  1  there  is  a  period  of  time  before  1920  Local  Time  when  only  a 
thin  layer  of  moderate  intensity  has  developed  In  addition  between  the  high  altitude  patches  there  arc  periods  of  intense 
F  layer  irregularities  with  no  irregularities  noted  higher  than  500  km  altitude.  It  can  also  be  seen  that  there  is  a  limitation 
on  the  sensitivity  of  the  radar  in  that  returns  are  obtained,  for  the  most  part,  only  to  700  km  From  satellite  measurements, 
it  is  clear  that  irregularities  extend  to  higher  altitudes. 

There  are  many  forms  of  the  irregularity  structure  One  aspect  of  importance  for  this  study  is  that  there  are,  for 
some  evenings,  thin  layers  of  irregularities,  for  example  from  200  to  400  km.  with  no  evidence  of  irregul^utics  at  higher 
altitudes  For  other  evenings  there  are  plumes  or  irregularities  extending  in  height  from  200  to  over  700  km  To  illustrate 
the  importance  of  the  height  of  the  irregularity  structure  in  developing  a  morphology  of  irregularities,  we  have  utilized  data 


OCTOBER  16-17,  1976  JICAMARCA 
50  MHz  RADAR  BACKSCATTER 


0010  0100  0200  0300  UT 

Figure  1  Radar  backscattter  from  an  extended  (plume)  region  was  observed  in  Jicamarca,  Peru 
on  October  16-17,  1976  with  the  data  shown  in  Basil  and  Aarons,  1977.  The  irregularities  start 
with  thin  layer  bottom  side  returns  in  the  300  km  region  then  develop  into  the  extended  region 
Returns  from  the  region  above  700  are  not  noted  because  of  the  sensitivity  of  the  radar  However 
in  all  probability  in  this  case  there  are  irregularities  above  700  km. 
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taken  by  R  Tsunoda,  M.  Mendillo,  and  S.  Basu  in  a  multi  disciplined  campaign  in  the  Pacific  in  1988  As  shown  m  Figure 
2,  on  August  8  the  ALTAIR  radar  indicated  that  only  a  thin  layer  had  developed  at  the  time  shown  (0846  IT)  with  returns 
observed  from  200  to  400  km  The  relatively  sensitive  instrumentation  at  137  MHz  on  Wake  Island  ll5  from  the  magnetic 
equator  showed  no  scintillation.  The  less  sensitive  scintillation  measurements  at  the  site  near  the  equator  (Kwajalein  Island) 
at  250  MHz  showed  intense  activity  at  the  greater  than  20  dB  level  However  when  a  plume  with  a  great  extent  in  height 
(Figure  3)  was  observed  on  the  radar  on  August  7th  at  1205  UT,  both  sites  showed  intense  levels  of  scintillations 

AUGUST  8, 1988  0846-0851  UT 


jalcm  (Tsunoda,  1989)  No  scintillations  were  noted  at 
this  time  from  Wake  Island,  with  its  propagation  path 
through  11  degrees  dip  latitude  while  high  scintillations 
levels  were  noted  in  the  path  from  Kwajalein  to  another 
satellite.  The  higher  latitude  propagation  path  to  the 
satellite  at  Wake  Island  missed  the  irregularity  region 
while  the  path  close  to  the  magnetic  equator  at  Kwajalein 
had  high  scintillation  levels  (S  Basu,  and  M  Mendillo, 
personal  communication) 


KMjMn 
*  ft  230  MM 


SCINTILLATION 

Figure  3.  On  August  7,  1988  through  th*-  irregulari¬ 
ties  extended  in  altitude  as  shown  by  the  ALTAIR  radar 
at  the  time  period  noted  by  the  arrows,  both  propaga¬ 
tion  paths  (Kwajalein  and  Wake)  showed  high  levels  of 
scintillation. 


Figure  4  illustrates  the  concept  that  the  disturbance  on  the  magnetic  equator  follows  the  lines  of  force  of  the  earth’s 
field.  The  disturbance  affects  the  electron  density  all  along  the  magnetic  field  line.  Thus  a  satellite  at  900  km  making  in-situ 
measurements  passing  thru  the  plume  would  report  observing  irregularities,  a  satellite  passing  the  longitude  of  the  thin  layer 
would  not.  While  F-Iayer  irregularities  developed  in  both  the  thin  and  the  extended  layer  cases  shown,  paths  beyond  10° 
from  the  magnetic  equator  could  not  observe  F  layer  irregularities  due  to  thin  layer  irregularities  A  portion  of  the  thin 
layers  have  been  identified  as  Bottom«ide  Sinusoidal  structures  by  both  ground  and  satellite  observations 

D.  SATELLITE  MEASUREMENTS 

There  arc  two  types  of  measurements  made  from  satellites.  In-situ  observations  measure  parameters  at  the  height  of  the 
measurements.  Satellites  with  topside  tonosondes  however  will  sample  lower  altitude  spread  F  as  well  as  plumes  extended 
in  altitude  In  either  case  the  altitude  of  the  satellite  will  affect  the  morphology  developed  by  the  satellite  observations 

Although  it  appears  from  the  radar  data  that  the  plumes  extend  only  to  altitudes  of  700-900  km,  satellites  in  the  higher 
altitude  region  of  900  km  and  greater  do  measure  irregularities  at  altitudes  considerably  higher  than  the 'radar  sensitivity 
can  observe,  the  plumes  extend  beyond  the  range  of  the  radars 

The  relatively  thin  layers  were  sampled  in-situ  and  reported  by  Valladares  et  al  (1983)  and  Cragin  et  al  (1985)  in  their 
observations  using  the  AE-E  satellite  operating  at  400  450  km  Thin  layers  extending  7000  km  or  more  in  the  east  west 
direction  were  observed  These  thin  layers  had  been  observed  frequently  in  various  campaigns  (Basu  and  Aarons,  1977) 
but  had  not  been  studied  m  the  manner  that  the  plumes  were  studied  Certain  thin  layers,  termed  Bottomside  Sinusoidal 
structures,  have  a  dominant  scale  size  of  1  km  and  appear  predominantly  in  the  summer  solstice  along  the  magnetic  equator 
They  appear,  according  to  the  illustrations  in  Cragin  et  al  (1985),  within  plus  and  minus  5°  of  the  magnetic  equator 
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With  Propagation  Paths  to  Satellites  Shown 


Figure  4.  Propagation  paths 
are  shown  through  thin  and  ex¬ 
tended  layers  of  irregularities.  The 
i regularities  appear  along  the  lines 
of  orce  of  the  earth’s  field  A  satel¬ 
lite  at  900  km  would  only  sample 
the  irregularities  over  the  magnetic 
equator.  A  lower  altitude  satellite 
might  detect  irregularities  at  both 
magnetic  equator  and  anomaly  lat¬ 
itudes 


E  SPREAD F 

The  discovery  of  spread  F  in  the  equatorial  region  was  made  with  lonosonde  observations.  It  was  quickly  found  that 
there  were  two  types  of  spread  F,  range  and  frequency  Thus  it  is  important  tD  see  which  type  was  associated  with  other 
observations  of  F  layer  irregularities  such  as  scintillation  of  trans  ionospheric  signals.  Huang  (D70)  observing  at  137  MHz 
near  the  anomaly  region  from  Taiwan  was  able  to  state  that  “the  correlation  'T  scintillation  with  range  spread  is  extremely 
h.eh  and  strongly  positive  (r  =.9)  while  scintillation  is  only  weakly  correlate  vith  frequenc)  pread” 

However  that  correlation  is  not  valid  near  the  magnetic  equator.  DasGupta  et  il  (1983)  observing  scintillations  close 
to  the  magnetic  equator  and  spread  F  from  Fuancayo  found  that  the  contin  ’ous  scintillation  patches  of  a  duration  of  5-6 
hours  (thin  layers),  were  associated  with  frequency  spread  The  occurrence  patterns  of  range  and  frequency  spread  near  the 
magnetic  equator  can  best  be  shown  in  Figure  5  with  Fortcleza,  Brazil  data  and  curves  taken  from  Abdu  et  al.  198!  While 
this  illustration  is  idi  a  limited  period,  the  data  serve  to  show  the  predominance  of  range  spread  in  the  early  part  of  the 
night  and  the  increase  .n  occurrence  of  the  frequency  spread  in  the  post- midnight  time  period 


Figure  5.  The  occi  .Tcncc  of  range  and 
frequency  spread  is  shown  for  one  -cason  for 
Fortelcza,  Brazil  (Abdu  et  al,  1981).  Maxi¬ 
mum  occurrence  takes  place  for  this  longitude  in 
the  post-sunset  hours  while  the  frequency  spread 
maximum  occurs  in  the  midnight  time  period. 


[Abdu  et.  al  (1981)] 


Thus  we  have  two  distinct  types  of  F  layer  Irregularities,  a  thin  long  lasting  layer  associated  with  frequency  spread  F 
and  plumes  associated  with  range  spread  F.  In  addition,  in  some  radar  plots,  there  is  evidence  of  plumes  not  fullv  extended 
in  altitude  (Basil  and  Aarons,  1977) 
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F.  MORPHOLOGY  FROM  SCINTILLATION  MEASUREMENTS 
F.I  Irregularity  Intensity  and  Scintillation  Measurements 

For  the  measurements  made  by  studying  the  fluctuations  of  a  radio  beacon  (scintillation),  several  factors  should  be 
borne  in  mind.  The  scintillation  technique  of  recording  the  fluctuations  of  amplitude  and  phase  of  signal  from  satellites  is 
an  integrated  measurement  with  all  the  irregularities  m  the  propagation  path  affecting  the  trans  ionospheric  signal  The 
amplitude  of  fluctuation  is  inversely  proportional  to  frequency  to  the  power  1  5  to  2.  Thus  the  lower  frequencies  are  more 
sensitive  than  the  microwave  observations.  The  use  of  lower  frequencies  such  as  137  MHz  is  a  boon  in  cataloging  weak 
irregularities  compared  to  the  less  sensitive  observations  at  1.5  GHz.  However  there  are  technical  problems  in  the  data  at 
both  ends  of  the  observing  spectrum  The  lower  frequency  is  very  sensitive  compared  to  the  1.5  GHz  signal  but  is  limited  in 
its  excursions  in  the  data  sets  to  be  described  to  20-25  dB  peak  to  peak  fluctuations.  This  is  due  to  saturation  of  its  signal 
to  noise  range  The  upper  frequency  however  seldom  shows  excursions  greater  than  7  dB  maximum  near  the  equator.  Much 
of  the  1.5  GHz  data  b«ise  was  done  with  extremely  small  excursions  In  predominantly  anomaly  data  taken  at  4  GHz.  Taur 
used  levels  of  .5  dB  and  greater.  Other  data  in  the  literature  have  used  excursions  greater  than  1  5  dB  or  2  dB,  this  in  data 
sets  where  fluctuations  of  less  than  1  dB  were  considered  noise  of  the  system 

Measurements  at  137  MHz  do  show  some  differences  from  those  taken  at  1  5  GHz  However,  we  shall  see  that  monthly 
occurrence  trends  are  not  different  in  the  vailable  data  for  two  separated  frequencies  with  extensive  data  bases  near  the 
magnetic  equator. 

a  HUANCAYO  (75°  West) 

Perhaps  the  largest  body  of  data  for  statistical  purposes  consists  of  scintillation  measurements  taken  at  Huancayo,  Peru 
The  data  from  this  site,  located  12°  south  of  the  geographic  equator  and  on  the  magnetic  equator  with  a  declination  of  4° 
to  8°  West  (depending  on  the  long’tude  of  the  satellite  under  observation),  has  the  advantage  of  comparison  with  radar  and 
spread-F  measurements  taken  at  Jicamarca.  Peru. 

The  sc  filiation  data  sets  available  range  from  40  MHz  (BEB  and  BEC  satellites  at  1000  km  altitude)  to  1.54  GHz 
signals  from  MAR1SAT.  Thus  one  can  note  the  apparent  and  real  differences  in  morphology  of  scin* illation  data  as  a  function 
of  freqency  as  well  as  month,  solar  flux,  and  magnetic  index. 

An  extended  period  of  observations  was  made  using  the  ATS  series  of  satell.tes  transmitting  at  137  MHz  The  data 
from  January  1968  through  February  1974.  with  Kp  from  0  to  2+,  show  the  occurrence  pattern  to  have  maximum  levels  in 
February  and  in  October-November  with  a  high  occurrence  of  6  dB  peak  to  peak  fluctuations  from  October  through  April 
in  sunspot  maximum  years  (Figure  6a).  A  minimum  level  was  found  in  June  and  July  In  Figure  6b  a  similar  pattern  is 
seen  for  sunspot  minimum  years  with  a  somewhat  high  occurrence  January  15  March  15  than  m  September  October 


Huancayo,  1969-70  Huancayo,  1973-74 


IT  IT 

137  MHz 

Percentage  of  Occurrence  S4  >  0.3 


Figure  6.  Occurrence  levels  from  Huancavo,  Peru  The  occurrence  patterns  are  marked  with  the  mid  months  labels 
for  each  month  noted  In  tracing  the  pattern  of  scintillation  occurrence  during  periods  of  low  magnetic  index  at  137  MHz, 
the  high  solar  flux  years  show  a  maximum  between  October  and  April  However  with  solar  minimum  data  one  can  see  the 
r  aximurn  occurrence  January  15-March  15  with  a  slightly  iowei  occurrence  in  September  and  October  and  with  a  deeper 
dip  in  level  be*  ween  November  and  January.  June  and  July  show  extremely  low  levels  of  occurrence. 
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In  Figure  7  taken  at  I  54  MHz  as  shown  in  Basil  c!  al.  1988, 
during  a  year  of  high  solar  flux,  the  pattern  is  quite  similar 
to  that  taken  at  the  lower  frequency  with  equinox  maxima,  a 
shallow  null  in  the  November  to  January  period,  and  extremely 
low  to  zero  occurrence  from  the  middle  of  May  to  the  middle  of 
August. 

For  this  longitude,  the  morphology  consists  of  peaks  at  the 
equinoxes,  with  the  Feb- March  peak  higher  than  the  September- 
October  peak.  A  dip  in  the  occurrence  pattern  takes  place  dur¬ 
ing  the  November-January  period.  Extremely  low  occurrence 
takes  place  from  the  middle  of  May  to  the  middle  of  August. 


Figure  7.  All  5  GHz  the  pat¬ 
tern  of  scintillation  occurrence  re¬ 
tains  the  same  form  as  shown  in  the 
previous  diagram 


Huancayo,  1979-80 


1.5  GHz 

Percentage  of  Occurrence  >2dB 


Basu,  Su.  et  al.,  1988 


b.  NATAL,  BRAZIL 

In  Figure  8,  Natal  at  30°  West,  shows  an  occurrence  pattern  at  250  MHz  with  maximum  from  mid-October  to  mid- 
December  Lowest  occurrence  was  noted  in  the  May  to  August  period.  All  magnetic  indices  were  included  in  thr,  set 

c.  ACCRA,  GHANA 

The  patterns  of  average  scintillation  level  from  Accra  for  1967-1971  data  at  137  MHz  are  Aiown  b>  Noster  (1972)  in 
Figure  9  A  slightly  higher  average  level  takes  place  from  Octobei  to  December  (depending  on  tear)  than  »n  February* March 
with  a  distinct  low  m  June  and  July 


Natal,  Brazil 


254  MHz 

Parcantaga  of  Occurrence  >  6dB 

Figure  8.  At  250  MHz  the  pattern  of  occurrence  for 
Natal,  Brazil  at  30°  West  shows  a  maximum  in  the  Oc¬ 
tober  to  January  months. 
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Figure  9.  A  long  term  series  of  137  MHz  mea¬ 
surements  from  Accra,  Ghana  near  the  Greenwich 
meridien  yields  thr  pattern  shown  in  this  figure 
i.e.  a  maximum  from  February  to  May.  high  levels 
between  October  and  May,  and  the  lowest  levels 
from  June  to  August  (Kostcr,  1972). 


Local  Time 


d.  INDIA 


There  is  a  limited  amount  of  data  in  this  longitude  region,  from  within  plus  or  minus  5°  Range  spread  data  from  Sastri 
and  Mur  thy,  1975  as  shown  in  Figure  10  indicates  a  minimum  in  the  pre  midnight  hours  in  June-August  and  in  November 
and  December.  The  data  was  taken  in  1968,  a  year  of  relatively  high  solar  flux. 

e.  MANILA 

Data  available  for  1981,  a  year  of  high  solar  flux,  show  equinoctial  maxima  with  a  shallow  minimum  in  June  and  July 
and  a  deep  minimum  in  December  and  January  during  the  vear  of  high  solar  flux.  1981  (Figure  11a)  In  a  >ear  of  low  solar 
flux,  1986.  the  occurrence  is  considerably  less  but  the  equinox  maxima  hold  (Figure  lib). 


Local  hme  (hours) 

Range  Spread  F  Occurrence 
Kodaikanal,  India -1968 

Figure  10  Long  term  scintillation  data  from  observations  close  to  the  magnetic 
equator  are  difficult  to  come  by  m  the  Indian  sector  with  some  reported  observations 
not  extending  to  a  year.  However  the  occurrence  of  range  spread- F  is  readily  seen  to 
have  a  minima  in  the  post-sunset  time  period  in  June,  July  and  August  and  in  Novem¬ 
ber  and  December  (Sastri  and  Murthy,  1975)  This  cssentiallv  yields  predominantly 
equinoctial  maxima 


Mamin  FS  1981  Kp  -  0-3  SI  >-  5  dP  Manila  F®  1886  Kp  -  0-3  SI  >-  5  dB 


Figure  11.  Using  250  MHz  data  taken  over  several  years  from  Manila,  it  can  be  seen  that  the  pattern  is  indicative  of 
equinoctial  maxima  both  m  years  of  high  sunspot  number  (1981)  and  in  >%.*ars  of  low  sunspot  number  (1986).  While  the 
pattern  is  similar,  it  should  be  noted  that  the  occurrence  differs  considerably  between  the  two  years. 


f.  GUAM 

In  a  series  of  observations  of  two  satellites  both  transmitting  in  the  frequency  range  of  250  MHz,  Paulson  (1980)  took 
measurements  during  years  of  high  and  low  solar  flux.  The  occurrence  for  1978  and  1979  for  the  Pacific  Ocean  Satellite, 
the  satellite  where  the  propagation  intersection  is  closely  related  to  the  longitude  of  Guam,  is  shown  in  Figuic  12  Clearly 
the  levels  are  high  from  April  thru  October.  There  is  a  shallow  dip  in  June  and  July  A  minimum  of  occurrence  takes  place 
from  November  through  February.  Additional  data  taken  in  1982  and  1983  indicate  a  similar  pattern. 
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Observations  of  a  second  satellite  were  taken  for  a  propagation  path  farther  to  the  west,  the  Indian  Ocean  Satellite  Prom 
the  example  of  scintillations  with  this  path,  as  shown  in  Paulson  (1980),  there  may  be,  at  times,  tropospheric  fluctuations 
at  the  low  angle  of  observation  In  addition  the  azimuthal  angle  was  such  that  the  propagation  path  was  considerably  to  the 
west.  Looking  to  the  w-est  with  this  series  of  observations  of  the  Indian  Ocean  satellite,  the  pattern  reveals  a  more  equinox 
oriented  structure. 


Figure  12.  From  Guam  over  a  period  of  several 
years,  the  occurrence  of  scintillations  from  a  satellite  near 
its  merididen  transmitting  at  250  MHz  was  recorded  by- 
Paulson  ^  1980)  The  pattern  shows  a  clear  maximum  in 
the  April  to  October  period.  It  is  likely  that  January  to 
mid- April  in  1982  was  a  period  of  no  data 


g.  KWAJAIEIN 

A  set  of  data  is  available  from  Livingston  (1980)  for  Kwajalein  Island  The  data  taken  with  a  high  inclination  1000 
km  satellite  in  the  midnight  time  period  are  shown  in  Figure  13  The  occurrence  levels  for  the  two  frequencies  are  quite 
similar  in  outline  Two  aspects  of  this  diagram  bear  notice.  There  is  a  dip  in  occurrence  level  in  June  and  July  compared  to 
May  and  August  The  level  between  October  find  February  is  particularly  low.  This  diagram  indicates  that  the  thin  layer 
BSS  does  not  contribute  significantly  to  the  occurrence.  At  this  longitude  the  summer  maximum  of  BSS  would  increase  the 
levels  tn  the  June  solstice.  Since  the  higher  frequency  shows  the  same  pattern  (as  does  L  Band  data  which  are  shown  in  the 
Livingston  paper),  thin  layers  do  not  seem  to  change  the  form  of  this  morphology. 

Summary 

a.  Irdia  and  Manila  show  definite  equinox  maxtma 

b  Huancayo,  Natal,  and  Accra  show  equinoctial  maxima  with  high  levels  of  occurrence  m  the  November  December  period 
and  low  levels  of  occurrence  in  the  June-Julv  period. 

c  Guam  and  Kwajalein  show  high  levels  somewhat  later  than  the  March  equinox  and  earlier  than  the  September  equinox. 
There  is  a  shallow  dip  in  occurrence  in  June  in  several  data  sets  but  with  high  levels  for  July  and  August 

d  There  is  contamination  in  some  data  from  thin  bottomside  irregularities  but  in  general  the  scintillation  data  show  similar 
trends  from  137  MHz  to  1.5  GHz. 

G.  THEORIES  FOR  THE  LONGITUDINAL  PATTERN  OF  THE  IRREGULARITIES 

While  it  is  clear  that  in  the  study  of  geophysics,  there  is  no  perfect  correlation  of  phenomena,  it  is  also  clear  that  the 
theory  must  be  able  to  explain  the  broad  outlines  of  the  occurrence  patterns  of  phenomena  The  occurrence  pattern  of 
equatorial  F  layer  irregularities  includes  equinoctial  maxima  with  very  low  occurrence  in  the  solstices  at  some  longitudes, 
equinoctial  maxima  with  a  relatively  shallow  dip  in  occurrence  in  the  June  July  periods  at  some  longitudes  such  as  Kwajalein 
and  equinoctial  maxima  with  a  relatively  shallow  dip  in  occurrence  in  the  November  December  months  in  longitudes  such 
as  Huancayo.  Two  of  the  proposed  hypotheses  have  been  those  from  Tsunoda  (1988)  and  from  Matuyama  and  Matuura 
(1984). 

COMMENTS:  1984  paper  by  Matuyama  and  Matuure 

By  observing  with  a  topside  lonosonde,  Maruyama  and  Matuura  (U>80)  were  able  to  determine  the  morphology  of  the 
intensity  of  spread  echoes  presumably  from  all  ranges  below  the  1 100  km  satellite.  They  measured  strength  of  irregularities. 
From  their  data  in  the  period,  August  1978  to  June  1979,  with  sunspot  numbers  ranging  from  moderate  to  high,  they  found 
a  relatively  high  occurrence  over  the  magnetic  equator  region  and  a  lower  occurrence  over  the  anomaly  region.  The  data  set 
is  shown  in  Figure  14. 
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Figure  13.  A  one  year  series  of  observations  of  the 
Wideband  satellite  from  Kwajaiein  in  the  time  period 
around  midnight  yielded  the  occurrence  pattern  shown 
(Livingston,  1980).  From  this  figure  the  general  occur¬ 
rence  pattern  is  seen  to  be  similar  at  140  MHz  and  at 
413  MHz  The  occurrence  for  1500  MHz  shown  in  the 
Livingston  paper  showed  similar  trends. 


Figure  14.  The  data  set  from  Maruyama  and 
Matuura  (1980)  for  the  period  before  midnight  is 
illustrated.  There  are  gaps  in  the  coverage  but 
the  general  pattern  of  spread- F  strengths  matches 
those  of  spread  F  occurrence.  In  the  separation  of 
months  there  seems  to  be  an  absence  of  emphasis 
on  equinoctial  high  levels  in  all  areas. 


In  Maruyama  and  Matuura  (1984),  the  authors  develop  the  concept  that  the  declination  of  the  observing  station 
determines  what  occurrence  pattern  of  F  layer  irregularities  will  be  observed,  declinations  are  given  in  Figure  15.  Their 
conclusion  as  stated  in  their  abstract  was.  “During  the  northern  winter  periods,  maximum  enhancement  at  the  Atlantic 
longitudes  of  large  westward  geomagnetic  decimation  and  during  the  northern  summer  at  the  Pacific  longitude  of  large 
eastward  declination.”  The  stress  therefore  is  on  the  solstices. 


160  210 
Gaognpfrc  Longnvdt 

Declinations  of  Sites 


Figure  15.  The  sites  of  the 
various  scintillation  observational 
points  and  declinations  from  these 
sites  are  shown  in  this  figure.  It 
can  be  seen  from  this  diagram  and 
from  the  scintiallation  data  that  the 
westward  declinations  of  Accra,  Na¬ 
tal,  and  Huancayo  tend  to  empha¬ 
size  the  September  to  March  period 
while  the  eastward  sites  tend  to  em¬ 
phasize  the  March  to  October  pe¬ 
riod. 


There  are  several  problems  with  using  the  data  set  shown  in  the  paper.  Spread  F  strength  is  calculated  but  no  differ¬ 
entiation  is  made  between  range  and  frequency  spread  That  is  acceptable  if  only  times  with  a  few  hours  after  sunset  are 
used;  range  spread  dominates  in  the  immediate  post-sunset  time  period.  However  the  use  of  other  times  will  describe  all 
Sprcad-F.  The  seasoned  pattern  will  be  distorted  relative  to  the  seasonal  pattern  shown  by  scintillation  or  in-situ  satellite 
measurements. 

The  main  hypothesis  however  needs  questioning.  While  we  find  similar  patterns  for  similar  declinations  such  as  Huancayo 
and  Accra  and  for  Guam  and  Kwajelein,  there  is  no  comment  on  the  equinoctial  maxima  at  Huancayo  and  Accra.  There  is 
also  a  high  occurrence  particularly  near  the  September  equinox  in  the  Central  Pacific. 

Comments  on  the  Tsunoda  (1988)  Paper 

Tsunoda  (1988)  on  the  other  hand  emphasizes  equinox  periods,  moving  close  to  or  far  from  their  ordinary  dates  In  the 
abstract  he  states  “The  seasonal  maxima  in  scintillation  activity  coincide  with  the  times  of  year  when  the  solar  terminator 
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(at  E-layer  heights)  is  most  nearly  aligned  with  the  geomagnetic  flux  tubes.  ...Hence  the  seasonal  pattern  of  scintillation 
activity,  at  a  given  longitude,  becomes  a  simple  deterministic  function  of  the  magnetic  decimation  and  geographic  latitude 
of  the  magnetic  dip  equator”. 

We  have  made  a  detailed  examination  of  the  Tsunoda  data  set.  In  Figure  16,  we  have  plotted  the  sunset  nodes  that 
Tsunoda  has  calculated  for  each  of  the  data  sets  relative  to  this  study.  The  general  structure  is  such  that  the  nodes  of  Guam 
and  Kwajalein  are  closer  to  the  June  solstice  than  the  other  nodes,  the  maximum  of  activity  however  is  between  these  two 
points.  The  nodes  of  Natal,  Accra,  and  Huancayo  are  closer  to  the  December  solstice  and  the  maximum  of  activity  for  these 
sites  is  near  the  December  solstice.  The  nodes  for  Natal  are  particularly  close  to  the  December  solstice,  Natal  docs  have  a 
somewhat  higher  level  for  this  solstice  than  the  other  two  sets  of  data.  This  compares  favorably  with  the  tendency  of  the 
occurrence  pattern  to  move  towards  maxima  in  the  various  regions. 

However  the  nodes  for  Huancayo  and  Guam  are  very  close  together  but  the  patterns  of  scintillation  activity  for  these 
two  locations  are  quite  different.  In  particular  the  high  occurrence  in  December  and  January  in  Huancayo  data  is  in  direct 
contrast  with  the  very  low  level  a| f  occurrence  in  the  Guam  data  for  those  months.  Similarly  there  is  a  contrast  in  the  June 
July  data  for  the  two  sets.  This  holds  true  for  the  higher  frequency  data,  suggesting  that  the  thin  layers  have  not  made  a 
significant  contribution  to  the  pattern. 


Figure  16.  The  sunset  nodes  as  shown  in 
Tsunoda  (1988).  Nodes  indicate  the  time  when 
E  layer  sunset  for  the  data  sites  used  was  simulta¬ 
neous  for  both  ends  of  the  field  line  running  thru 
the  site. 


F«t>2  Uay2  JuM  AoflSl  Oct  31 

Dates  of  Sunatt  Nodes 

(Tsunoda.  1985) 

Questions  to  Be  Answered  by  Theory 

The  stress  of  these  two  papers  is  either  on  the  solstices  or  on  the  predominantly  equinoctial  maxima.  However  the  data 
set  demands  than  the  questions  to  be  answered  by  the  developers  of  hypotheses  for  the  physics  of  the  longitudinal  aspects 
of  the  morphology  are. 

(1)  Why  do  the  equinox  months  have  high  levels  of  occurrence  over  all  longitudes? 

(2)  Why  are  there  high  levels  of  occurrence  in  the  Central  Pacific  Sector  in  the  July-Augusi  period  and  in  the  0-75°  West 
sector  in  the  November- December  period? 

(3)  Why  is  there  very  low  occurrence  in  November  and  December  in  the  Central  Pacific  Sector  and  in  July  and  August  m 
the  0-75°  West  Sector? 

CONCLUSIONS 

A  cartoon  as  to  our  version  of  the  occurrence  pattern  of  primarily  extended  F  layer  irregularities  as  a  function  of  longitude 
is  given  in  Figure  16  The  evaluation  of  the  data  yields  the  occurrence  for  Huancayo,  Ghana,  India,  and  Guam-Kwajalein. 
A  curve  that  is  omitted  for  lack  of  data  is  that  for  the  120-140°  West  longitude  region  The  concept  that  might  be  developed 
is  that  there  should  be  a  region  where  the  transition  between  two  patterns  with  different  solstitial  maxima  would  dictate 
equinoctial  maxima. 

We  have  shown  the  plethora  of  measurements  of  F- layer  irregularities  in  the  equatorial  region  performed  by  various 
techniques.  Irregularities  that  can  be  observed  by  radar  may  not  be  observed  by  the  lonosondes.  Irregularities  that  may  be 
weak  may  not  be  observed  by  UHF  scintillations  but  can  be  observed  on  VHF  transmissions.  Satellite  scintillation  techniques 
cannot  always  distinguish  between  thick  and  thin  layers  of  irregularities,  some  of  the  thin  layers  yield  very  high  scintillation 
indices  at  250  MHz.  Irregularities  over  the  magnetic  equator  may  not  be  observed  by  6300  A  depletion  techn.ques  but  can 
be  observed  readily  in  the  anomaly  region  The  irregularities  created  can  be  strong  or  weak,  of  large  or  small  scale,  extended 
over  a  thin  or  thick  layer,  confined  in  a  narrow  east  west  or  extended  region,  old  or  new. 

Each  of  the  the  two  suggested  mechanisms  embrace  only  a  portion  of  the  data  set  A  full  concept  should  explain  the 
physics  behind  the  equinoctial  and  solstitial  generation  of  irregularities.  In  addition  there  is  also  need  to  explain  the  differing 
mechanisms  which  provide  thin  or  extended  irregularity  regions. 
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Figure  17.  Using  the  scintillation  data  as  indicating  the  F  layer  irregularities  from  all  types  of 
layers  but  predominantly  from  extended  layers,  it  is  possible  to  develop  a  sense  of  the  morphology. 
We  have  attempted  to  do  so  in  this  figure.  There  are  caveats  however.  The  maximum  amplitudes  of 
the  excursions  shown  are  arbitrarily  set  as  the  same  for  all  areas  In  addition  there  is  no  distinction 
between  high  and  low  solar  flux  years.  The  pattern  attempts  to  merge  the  two  occurrence  patterns 
from  the  data  set  but  there  may  well  be  differences. 
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DISCUSSION 


G.  HAGN 

The  old  verticil-incidence  sounder  (e  g.,  C- 2/C-3/C-4)  recorded  spread  F  at  many  locations  around  the  world.  SRI  (then  Stanford 
Research  Institute)  operated  such  a  sounder  in  Bangkok.  Thailand  in  the  early  and  mid-1960s  (sunspot  minimum  in  1963  onward 
until  1967)  and  generated  synoptic  data  on  the  probability  of  occurrence  of  both  equatorial  sporadic  E  and  spread  F.  Could  these 
tabulated  statistics  be  of  use  to  your  study  and  supply  another  geographical  sampling  point,  or  is  there  a  problem  separating  the 
range  and  frequency  spreads? 

AUTHOR’S  REPLY 

Yes.  There  is  a  data  gap  between  Manila  and  Indian  longitudes.  To  be  of  use  the  data  would  have  to  be  separated  into  range  and 
frequency  spread  occurrence. 

R.  BENSON 

1.  Please  elaborate  on  the  difference  between  low  and  high-latitude  irregularities,  i.e..  that  the  low-latitude  irregularities  are  much 
stronger. 

2.  How  did  you  combine  data  from  different  techniques  in  your  summary  figure? 

AUTHOR’S  REPLY 

1.  At  auroral  latitudes,  intensity  of  scintillation  signals  at  -1  GHz  is  rarely  greater  than  a  few  dB.  (At  equatorial  anomaly 
latitudes,  there  are  frequently  signal  variations  of  greater  than  10  dB  on  4  GHz,  a  frequency  that  is  less  sensitive  to  scintillation). 
No  m-situ  data  have  either  confirmed  or  rejected  this  co  icept, 

2.  Most  of  the  data  from  radar  is  limited  to  periods  of  irregularity  development  and  therefore  not  useful  tor  morphology.  The  in- 
situ  data  published  is  also  limited,  I  did  use  some.  I  used  spread  F.  scintillation  (basically),  and  scintillation  on  radar  signals. 
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IRREGULAR  MEDIA  EFFECTS  ON  RADIOWAVE  SIGNALS  USED 
IN  NAVIGATION  AND  POSITIONING  SYSTEMS 

Ezekiel  Bahar 

Electrical  Engineering  Department 
University  of  Nebraska- Lincoln 
Lincoln,  NE  68588-0511  U.S.A. 


ABSTRACT 

Radiowave  signals,  over  a  very  broad  range  of  frequen¬ 
cies,  are  used  extensively  m  navigation  and  propagation  sys¬ 
tems.  These  signals  that  propagate  to  very  large  distances 
from  the  transmitter  across  the  earth’s  surface  or  through  the 
ionosphere  are  significantly  affected  by  media  irregularities. 
Some  of  these  irregularities  are  fixed  while  others  fluctuate 
due  to,  for  instance,  the  diurnal  variations  in  the  ionosphere. 

The  magnitude  and  phase  of  CW  signals  are  affected  by 
the  medium  through  which  they  propagate.  Since  these  ef¬ 
fect*  are  frequency  dependent,  transient  (pulsed)  signals  also 
undergo  distortions  and  delays,  which  have  a  very  significant 
impact  on  navigation  and  positioning  systems  Thu*  when 
CW  signals  are  used  for  navigation  or  positioning,  it  is  neces¬ 
sary  to  predict  the  deviations  in  the  phase  of  the  received  sig¬ 
nals  (phase  anomalies)  due  to  medium  effects.  When  pulsed 
signals  are  used  for  navigation  and  positioning,  it  is  neces¬ 
sary  to  predict  the  signal  delays  due  to  the  medium  effects. 
Moreover  for  given  propagation  paths,  it  is  necessary  to  avoid 
the  use  of  carrier  frequencies  that  are  more  prone  to  signal 
distortions  which  make  it  very  difficult  to  predict  the  time  of 
arrival  of  the  radio  signals. 

It  is  necessary  to  obtain  accurate  predictions  of  the  re¬ 
ceived  signals  as  the  demands  on  the  navigation  system  be¬ 
come  more  stringent.  Thus  for  most  relevant  propagation 
problems,  it  is  not  sufficient  to  use  idealized  models  of  the 
propagation  medium.  The  model*  that  need  to  be  considered 
consist  of  layers  of  nonuniform  thickness  with  varying  elec- 
tromagi  etic  parameters.  Since  the  ionosphere  also  needs  to 
be  considered,  the  medium  is  generally  considered  to  be  both 
inhomogeneous  and  anisotropic.  For  these  irregular  mod¬ 
els  of  the  curved  earth -ionosphere  propagation  environment 
it  is  not  possiule  to  obtain  standard  separable  solutions  for 
the  propagation  problem.  Furthermore  since  the  solutions 
should  be  valid  for  a  very  broad  range  of  radio  frequencies, 
the  physical/geometrical  optics  (high  frequency)  approach  or 
the  small  perturbation  (low  frequency)  approach  cannot  be 
used  in  general. 

In  this  work,  a  full- wave  approach  is  described  in  detail. 
Radiowave  propagation  over  irregular  propagation  paths  is 
examined  in  detail.  The  phase  anomalies  and  pulse  delays 
and  distortions  for  radio  signals  transmitted  across  hills  and 
valleys  on  the  earth’s  surface  or  over  the  oceans  and  through 
irregular  layered  models  of  the  earth’s  crust  and  the  iono¬ 
sphere  are  determined  using  the  full-wave  approach. 

1.  INTRODUCTION 

In  Section  2,  we  present  the  solution  to  the  problem  of 
VLF  radiowave  propagation  in  a  perturbed  spherical  model 
of  the  earth  ionosphere  waveguide.  The  ionospheric  perturba¬ 
tion  considered  is  a  gradual  day/night  transition  in  the  effec¬ 
tive  height  of  the  ionosphere.  The  generalized  telegraphists’ 
equations  arc  solved  for  the  forward  (transmitted)  and  back¬ 
ward  (reflected)  wave  amplitudes  along  a  propagation  path 
before,  across  and  beyond  the  transition  region.  Through  the 
use  of  auxiliary  functions,  the  original  problem  with  mixed 


boundary  conditions  has  been  converted  to  a  problem  with 
unmixed  boundary  conditions.  The  field  undulations  and  the 
resulting  phase  anomalies  due  to  ionospheric  perturbations 
can  be  obtained  from  the  wave  amplitudes  along  the  propa¬ 
gation  path.  The  resul  ‘re  summarized  in  Table  I  in  terms 
of  the  waveguide  scattering  matrix  whose  elements  are  the 
nth  mode  reflection  and  transmission  coefficients  for  an  mu- 
dent  mth  mode  of  unit  amplitude 

In  Section  3,  a  perturbation  on  the  earth’s  surface  is  con¬ 
sidered.  The  transient  excitation  is  a  LORAN  C  Pulse  from 
a  magnetic  line  source  (vertically  polarized  waves).  Coupling 
between  all  three  components  of  the  full  wave  field  expansion 
of  the  fields  (the  radiation  field,  the  lateral  wave  and  the  sur¬ 
face  wave)  is  considered.  The  distortion  of  the  received  pulse 
are  due  to  the  singularities  of  the  wave  transfer  functions. 
Special  attention  is  given  to  determine  the  time  of  arrival 
(associated  with  the  third  zero  crossing  of  the  LORAN  C 
Pulse)  of  the  received  signal. 

In  Section  4,  full  wave  solutions  axe  derived  for  the  ra¬ 
diowaves  propagating  through  an  inhomogeneous  anisotropic 
me  del  of  the  ionosphere.  The  ionosphere  is  characterized  by 
a  scattering  matrix  whose  elements  are  the  like  and  cross- 
polarized  transmission  and  reflection  coefficients  for  incident 
horizontally  and  vertically  polartzcd  waves.  From  these  re¬ 
sults  the  Faraday  rotation  as  well  as  the  signal  distortion 
delays  can  be  obtained.  Numerical  and  analytical  solutions 
to  the  problem  are  compared. 

2  TRANSMISSION  AND  REFLECTION  SCATTERING 
CQEFBCIEN.TS.FQ&.TIIE.MQPES  IN..  AN  IRREGULAR 
SEHERQIPAl  MQP.EL.Qr  THE  EARTiHQNQSPHERE 
WAVEGUIDE 

Using  a  full  wave  approach,  the  electromagnetic  fields 
are  computed  for  observation  points  along  the  propagation 
path  in  an  irregular  spheroidal  model  of  the  earth -ionosphere 
waveguide  (Bahar  1976).  The  perturbation  considered  here 
results  in  the  variation  of  the  effective  height  of  the  iono¬ 
sphere.  On  employing  complete  expansions  for  the  electro¬ 
magnetic  fields  (based  on  the  Watson  transformation,  Wat¬ 
son  1918,  Wait  1962)  and  imposing  the  boundary  conditions 
at  the  irregular  surface,  Maxwell’s  equations  are  transformed 
into  sets  of  coupled  ordinary  differential  equations  for  the 
forward  and  backward  propagating  wave  amplitudes.  The 
wave  amplitudes,  which  are  subject  to  mixed  boundary  con¬ 
ditions  at  the  input  and  output  terminal  surface  0  =  $A  and 
$  =  0s  of  the  waveguide  (see  Fig.  1)  are  expressed  in  terms 
of  auxiliary  functions  with  unmixed  boundary  conditions  to 
obtain  rigorous  numerical  solutions  to  the  differential  equa¬ 
tions  at  arbitrary  points  along  the  propagation  path  (0  <  04, 
6A  <  0  <  0®  and  0  >  0s).  Thus,  the  analysis  can  be  used 
to  compute  the  perturbed  fields  inside  and  outside  the  ir¬ 
regular  regions  for  arbitrary  excitations  Since  low-frequency 
radiowaves  are  used  for  navigation  and  positioning,  special  at¬ 
tention  is  given  to  the  phase  anomaly  due  to  the  ionospheric 
perturbations. 

For  the  illustrative  example  presented  here,  the  azimuthal  - 
ly  independent  effective  height  of  the  ionosphere  is  given  by 
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<*«Fig.  1) 

IhA,  0  <  0  <  0'4 
i{hA  +  hB  +  (,hA  -  hB) 
cot  [»(( -  e*)/^  - 0^)]},  »*  <  0  < 

•  hB,  0®  <  0  <  * 

where  h(d)  =  ro,i(0)  -  ri.r  end 

h*  =  6  X  10*m,  hB  =  9  X  104m 

$*  =  89.8“,  0s  =  90.2*  1  ' 


The  permittivity  t  end  permeibility  p  are  given  by 


mode  of  unit  amplitude  incident  at  port  A  the  mixed  bound¬ 
ary  conditions  at  0  =  9*  and  0  =  0s  are 


[  <0  =  </(l  -  0 

(3) 

<1  =«/ 

[  (2  =  </(10  —  *10) 

Po  =  Pi  =  PJ  =  P! 

(4) 

in  which  Cj  and  /./  are  the  permittivity  and  permeability  for 
free  space.  The  mean  radius  of  the  earth's  surface  is  rij  = 
64  x  10*  m  and  the  frequency  is  /  =  15  IrH  (corresponding  to 
the  free  space  wavelength  A  =  20  km).  Steady  state  exp(iut) 
time  excitations  are  assumed. 

The  characteristic  equation  for  the  waveguide  modes  it 

BP'S?'  =  1  (5) 

where 

RPr  =  R°  hVXkXTxa)lk*\kXTXz)  (6) 

=  flyAl?)(Jt.ro.i)M1)(itiro.i)  (7) 

in  which  R°  and  Ru  are  the  reflection  coefficient*  at  the 
earth-air  interface  and  at  the  effective  ionosphere  boundary 
(Waite  1962,  Bahar  1967).  Precise  numerical  methods  have 
been  developed  to  sohe  the  modal  equations  for  the  orders  v 
of  the  spherical  Hankcl  functions  of  the  first  and  second  kind 
h{J}  and  hl3)  (Bahar  1980,  Bahar  and  Fitzwater  1981)  They 
arc  related  to  the  mode  propagation  coefficients  0»  «  v  +  \ 
In  Fig  2,  the  loci  of  the  first  four  (vertically  polarized)  TM 
complex  mode  numbers  V\>  v$  and  are  plotted  in  the 
complex  plane  with  the  effective  height  h(0)  as  the  variable 
parameter  from  hA  to  hB  The  dominant  (earth  detached 
mode)  vx  is  least  attenuated  at  the  output  port  B.  (See 
Fig.  1.) 

Analytical  and  numerical  procedures  used  to  obtain  the 
solutions  to  the  modal  equation  (5)  are  described  in  detail  in 
the  technical  literature  (Bahar  and  Fitzvater  1981). 

For  the  sourceless  perturbed  region  6A  <B  <  0B  >  where 
dhfdO  £  0,  the  co-  led  wave  equations  may  be  written  in 
matrix  form  as 

■£(*)  ■  '(-»)(>) 

*(SS)(:)  « 

where  a  and  b  are  n  X  1  matrices  whose  elements  are  ‘he  n 
forward  and  backward  wave  amplitudes  a{ut6)  and  b{vt6), 
0  is  an  n  x  n  diagonal  matrix  whose  elements  are  the  mode 
propagation  coefficients  /?„  and  Sp<i  are  n  x  n  scattering  ma¬ 
trices  whose  elements  are  the  differential  transmission 
( P  yl  Q)  and  reflection  ( P  =  Q )  coefficients.  For  ’he  mth 


in  whirli  £**»  is  the  Kronecker  delta.  Furthermore, 


where  TBA  and  R^  are  the  waveguide  junction  transmis¬ 
sion  and  reflection  coefficients  To  account  for  all  possible 
excitations  at  port  A,  (8)  is  written  as  follows: 

-1(b)  =  '(-*)(£) 

+  (£a  Ss°b){Ab)  {n) 

in  which  a^,  the  forward  scattered  fcth  mode  excited  by 
an  incident  mth  mode,  and  6*m>  the  backward  scattered  kth 
mode  excited  by  an  incident  mth  mode,  arc  the  dements 
of  the  n  x  n  matrices  A  and  By  respectively.  The  differential 
equations  (11)  must  be  solved  subject  to  the  mixed  boundary 
conditions, 

A(Ba)  =  /,  fl<08)  =  0  (12) 


/t'0B)  =  Tba,  B(6a)  =  Raa  (13) 

in  which  the  elements  of  the  transmission  and  reflection  ma¬ 
trices  Tba  and  RAA  are  the  kth  mode  transmission  and  re¬ 
flection  coefficients  TBA  and  RAA  for  the  /th  mode  of  unit 
amphtude  incident  at  port  A.  To  facilitate  the  solution  of 
(11)  with  the  mixed  boundary  condition  (12),  define 


(*)a(£)5 


in  which  F  and  G  are  n  X  n  matrices.  Since  T  is  a  constant 
matrix  (11)  reduces  to 


J sBA  sBB\(r\ 

+  (  SAA  SAB  )\G  ) 


with  the  unmixed  boundary  condition 

F(0S)  =  /,  G(0®)  =  O 
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The  unknown  waveguide  junction  tr&nimiuion  and  reflection 
coefficient!  are  pven  by 

Tba  =  F{0*)-1,  Raa  =  G(SA)TBA  (17) 

Thus  by  u«ing  the  Runge-Kutta  method  (Abramowitt  and 
Stegun  1964),  rigorous  numerical  solutions  may  he  obtained 
for  the  transmission  and  reflection  coefficients  by  solving  (IS) 
subject  to  the  unmixed  boundary  conditions  at  9  =  d®  (16) 
instead  of  solving  (11)  subject  to  the  mixed  boundary  condi¬ 
tions.  When  port  B  (#  =  0s)  is  excited  instead  of  port  A, 
the  above  analysis  is  repeated  on  interchanging  superscripts 
A  and  B  to  obtain  the  matrices  TAB  and  RBB  whose  el¬ 
ements  are  the  transmission  and  reflection  coefficients  Tk jB 
mid  «gB. 

It  has  been  shown  that  the  scattering  coefficients  Sff 
satisfy  the  exact  reciprocity  relationships  for  spheroidal  waveg¬ 
uides  (Bihar  1976).  In  view  of  the  normalization  used  in  this 
work,  the  reciprocity  relations  for  the  perturbed  waveguide 
junction  are 

TAb  =  T,BA  (18) 

and 

raa  =  flit's  flf®  =  fi£fl  (is) 

The  analysis  presented  in  this  section  can  be  used  to 
compute  the  electromagnetic  fields  in  the  perturbed  regions 
6A  <  0  <  6B  as  well  as  in  the  unperturbed  region*  6  <  6A 
and  0  >0B.  For  instance,  when  port  A  is  excited  by  mode 
m  of  unit  magnitude, 

W.«)  =  £  ^K-(«)  -  (2«) 

n 

and 

£VmM)  =  £  ^"—[^(9)  +  W*))  (21) 

where  a*m  and  6nm  ue  the  element  of  A  and  B  defined  m 
(U)  and  V’n(r)  **  the  nth  mode  basis  function,  Z»  the  mode 
impedance  and  Bn  is  the  normalization  coefficient  (Bahar 
1980). 


For  8  <8* 

=  «„mcxp[-i(i<4  +  l/2)(«  -  S'*)) 

(22) 

6n„  =  R^cxpli(^  +  l/2)(»-#'1)] 

(23) 

and  for  the  region  0  >  0®, 

=  rl*«p(-.(<<fl  +  i/2)(»-«B)] 

(24) 

bnro  ~  0 

(25) 

in  which  vA  and  t/B  are  mth  the  mode  parame,ers  at  ports 
A  and  B ,  respectively. 

The  stability  of  the  phase  of  the  signals  is  important  for 
navigational  purposes,  the  phase  anomalies  are  defined  by 

=  arg  jff(r,*)«p  £  .(*„  +  1/2)48)}  (26) 

A  =  arg  |E,(r,«)cxp  £  i(iv  +  l/2)de|  (27) 

Thus  &<frm  =  const  when  no  mode  scatter5 ng  occurs.  The 
fluctuations  in  A<£m  are  largest  when  two  interfering  modes 
are  of  approximately  equal  magnitudes. 


The  fields  are  least  affected  by  the  perturbation  for  m  = 
1.  This  is  because  the  earth- detached  mode  ends  to  be 
guided  along  the  air-ionosphere  boundary,  while  the  higher- 
order  modes  are  reflected  at  the  ionosphere  and  the  earth 
boundaries.  Furthermore,  since  the  earth-detached  mode  is 
least  attenuated,  its  magnitude  is  larger  than  the  magnitudes 
of  the  scattered  higher-order  modes  for  all  0  when  th#  inci¬ 
dent  mode  is  m  =  1  (Bahar  1980). 

While  it  is  difficult  to  excite  the  earth-detached  mode 
from  a  ground-based  antenna,  the  advantages  of  exciting  this 
mode  by  elevated  sources  are  very  significant.  The  trans¬ 
mission  and  reflection  scattering  coefficients  that  characterize 
mode  scattering  by  a  perturbed  ionosphere  excited  in  both 
directions  are  presented  in  Table  I.  Since  modes  n  >  5  at¬ 
tenuate  strongly  over  the  propagation  path,  only  four  modes 
are  considered  in  the  analysis.  The  results  are  in  very  good 
agreement  with  reciprocity.  These  results  can  be  used  to  de¬ 
termine  the  electromagnetic  fields  for  arbitrary  excitations. 

3.  TRANSIENT  ELECTROMAGNETIC  FIELDS  TRAN_S^ 
MITTEP  ACROSS  1RREG.VIAR  MODUS  QLIHE 
EARTH’S  SURFACE 

Propagation  of  radiowaves  in  uniform  layered  models  of 
the  earth  has  been  analyzed  extensively  in  the  technrai  liter¬ 
ature.  For  horizontally  stratified  models,  the  electromagnetic 
fields  can  be  expressed  completely,  in  separable  form,  in  terms 
of  a  continuous  spectrum  of  radiation  fields  and  lateral  waves 
as  well  as  a  discrete  set  of  surface  waves  (Bahar  1974). 

When  it  is  necessary  to  consider  more  realistic,  irregular 
models  of  the  propagation  medium,  consisting  of  inhomo¬ 
geneous  layers  of  nonuniform  thickness,  the  electromagnetic 
fields  cannot  be  expressed  in  separable  form.  In  these  cases, 
using  the  full  wave  approach,  it  is  shown  that  incident  plane 
wave*  diffusely  scattered  in  nonspecular  directions  and 
oartially  converted  into  lateral  and  surface  waves 

The  results  of  a  steady  state,  full  wave  analysis  of  verti¬ 
cally  polarized  waves  incident  upon  one-dimensionally  rough 
surfaces  (Bahar  1977,  1978b)  are  the  basis  for  the  investi¬ 
gation  of  transient  electromagnetic  response  from  irregular 
models  of  tne  earth’s  surface.  In  this  work,  the  excitation 
is  assumed  to  be  a  LORAN  C  pulse  and  the  Fast  Fourier 
TVansform  technique  (Brigham  1974)  is  used  to  obtain  the 
transient  response. 

Since  the  transfer  function  for  dissipative  media  is  not 
analytic,  it  is  found  convenient  to  express  the  total  signal  re¬ 
sponse  as  the  sura  of  the  contribution  from  the  poles  of  the 
excitation  transform  and  the  contribution  from  all  the  singu¬ 
larities  (poles  and  branch  cuts)  of  the  transfer  function.  Since 
the  third  zero  crossing*  of  the  response  to  the  LORAN  C  exci¬ 
tations  are  regarded  as  the  effective  arrival  time  of  the  pulse, 
it  is  not  only  necessary  to  determine  the  propagation  delays 
but  also  the  phase  anomalies  due  to  the  irregular  ground  ef¬ 
fects.  Both  the  instantaneous  response  and  the  envelope  of 
the  response  are  obtained. 

For  a  magnetic  line  source  of  intensity  K  at  a  large  dis¬ 
tance  from  the  nonuniform  boundary,  the  magnetic  scattered 
radiation  field  is  given  by  (Bahar  1978b) 

«,r(*,y)  =  |/7„|cxpl-ifc0(po  +  p)U-^/^)F(C‘ ,C') 
■I(Cl,C',h,L)  (23) 

where  is  the  magnitude  of  the  vertically  nolarizcd  *per- 
ularly  reflected  field  for  a  flat,  perfectly  conducting  su»fa«i* 
at  the  carrier  frequency  uc. 

Itf.,1  =  |//;i  2koe  L  C'0l(2k0epj'l'i  (29) 

The  magnitude  of  the  vertically  polarized  incident  wave  at 
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the  origin  it  |ff£|;  po  =  (xj  +  Vo),/a»  P  =  (*2  +  V 2)!/2  •» the 
distances  from  the  source  and  field  point  to  the  origin  (see 
Fig.  3)  and  koe  —  ut{po^o)1^  **  the  free-space  wave  number 
at  the  carrier  frequency  ue. 


F{C*>C)  = 


2Cj(C{C\  -  5q5q){1  -  I/O 


[CJ  +  Ci/nHC^  +  C/KQ  +  ^j 


l(C',C\hJ)  =  ^y^cxpWCi  +  Co'jioA 

+t(S^  -  SJ)toi}ir  (31) 

where  Q  and  5q  are  the  cosine  and  sine  of  the  angle  of  in* 
tidence,  0J,  in  the  medium  y  >  h  and  Cq  and  S&  are  the 
cosine  and  tine  of  the  scattering  angle  0q.  The  corresponding 
expressions  for  the  medium  y  <  h  are  denoted  by  symbols 
with  subscript  1  instead  of  0.  Thus, 

*0.1  -  cos&'0\{  (32) 


0q?i  —  *0.1^1  —  *o,i  rin  (33) 

in  which  Jfco.i  =  w(Po.<o.i)*^2  and  in  view  of  Snell’s  law, 

/3b  =  A=(*Ji-<i),/2,  Im(/3)<0  (34) 

The  intrinsic  impedance  is  rjo.i  =  (/loAo.i)1^2*  n  i*  the  refrac¬ 
tive  index,  and  the  nonuniform  boundary  is  given  by 

y  =  h(x ),  -L  <  x  <L  (35) 

It  is  assumed  here  that  the  surface  is  gently  undulating  and 
slopes  are  small.  In  (28),  the  scattering  phenomencj  is  rep* 
resented  by  F(C*  ,0),  which  i»  a  function  of  the  angle  of 
incidence  0J,  the  scatter  angle  9%,  and  the  ground  relative 
permittivity  <r,  and  /(C^,C*,h,I),  which  is  the  only  term 
that  depends  on  the  expression  for  the  rough  surface  h(z). 
For  a  flat,  perfectly  conducting  surface,  and  with  0J,  =  ^o* 
F{C*yC)  -  1  and  r(C*yC\htL)  =  1.  When  medium 
1  (y  <  h)  is  highly  conducing  and  the  fields  in  the  region 
y  <  h  are  of  no  practical  interest,  it  is  convenient  to  ana¬ 
lyze  the  problem  by  characterizing  the  interface  y  =  h(x) 
by  an  approximate  surface  impedance  for  waves  of  grazing 
incidence  {Bahar  1972): 

Z. ->»(<,-  l),/,/<r  =  <!o*.  (36) 

and  F{C*  >C')  in  (30)  is  replaced  by 

2Cj(\  -  SjSl-z]) 

(CJ  +  ^.KC'  +  z.MCi  +  Co') 

The  full  wave  solutions  for  the  scattered  radiation  fields  sat¬ 
isfy  the  reciprocity  relationships  in  electromagnetic  theory. 
The  scattered  radiation  fields  vanish  near  the  boundary  (0q  — * 
x/2).  This  agrees  with  the  empirically  well-known  result  that 
for  any  surface,  regardless  of  roughness,  a  scattered  radia¬ 
tion  field  will  not  exist  at  the  surface  except  for  grazing  in¬ 
cidence  (Beckmann  and  Spizzichino  1963).  However,  due  to 
surface  irregularities,  the  incident  radiation  fields  excited  by 
line  sources  at  large  distances  are  coupled  into  guided  surface 
waves  and  lateral  waves  (see  Fig.  3).  The  scattered  surface 
waves  and  lateral  waves  could  therefore  be  the  predominant 
contributions  to  the  total  field  near  irregular  boundaries. 

The  scattered  surface  wave  due  to  line  sources  at  large 
distances  from  the  boundary  is  (Bahar  1977): 


where 

F(C„C‘)  =  (CJC„-5i5o,)/(Ci  +  q/n) 

•n(l  -f  l/(r)  (39) 

I(C„C\h,L)  =  ^ 

HSc  -  S'0)z)\dx  (40) 

in  which  the  surface  wave  parameters  are 

■Si).  =  Cl,  =  (<r/(l  +  CrJjV*,  Co,  =  -(l-<,)1/2  (41) 

This  solution  for  the  scattered  surface  wave  is  also  consistent 
with  reciprocity  relationships,  Thus  (38)*(41)  also  represent 
the  scattered  radiation  fields  due  to  an  incident  surface  wave. 
For  highly  conducting  medium  1,  the  surface  impedance  con¬ 
cept  (36)  can  be  used  to  characterize  the  boundary  y  =  h(x) 
to  obtain  approximate  expressions  for  the  scattered  surface 
wave.  In  this  case,  the  function  F(C„C*)  in  (39)  is  replaced 
by 

F(C.,C')  =  r.S0.(So.  -  $o)/(CJ  +  *.)(1  -  *?),/J  (42) 

In  (38),  the  input  term  |//o|exp(-tfco/)o]  is  the  incident  radi¬ 
ation  field  and  the  output  term  exp[-iko(5o4Z  +  Co«y)]  is  the 
scattered  surface  wave  (see  Fig.  3).  As  in  (28),  the  coupling 
phenomenon  is  represented  by  F(Ct>C')  and  I{Ct>C\hsL). 

The  scattered  lateral  wave  due  io  l;ne  sources  at  large 
distances  from  the  boundary  is  (Baha*  1 977): 

H‘.,(z.v)  =  !«ol«P|-^|[(2i/Aci/2»(i,/Ae)3/J) 

■FiC^C)  l(C‘,C\h,L ) 

+  *»£()]  (43) 

where 

F(C\C')  =  (nCiC‘  +  5J5j) 

/(c;  +  c;/n)n3'j<r  (44) 

/(C'.C'.A,  L)  =  —  y_\xp[.MG>  +  (4  -  Si)x})dx  (45) 

in  which  Ac  is  the  free-space  wavelength  at  the  earner  fre¬ 
quency  ve 

3(  =  koSg  =  ktSi  =  *1  =  Aon. 

=  AoCp  =  A0v/l  -  n2, 

uf  =  A,C,‘  =  0  (46) 

The  lateral  waves  are  of  practical  significance  only  for  low-loss 
medium  1  where 

n  =  n'  -  in"  =  Sq  =  sin  b  =  sin(d'  -  id") 

2;  sind'  -  id"  cos  d'  (47) 

Thus, 

«oV  +  P*z  =  *o^s  +  kill  (48) 

and  the  distance  L$  and  L\  are  (Fig.  3) 

Ij  =  y/cosd'  and  L|=x-ytand'  (49) 


#£r(*»v)  -  !^olexP(”l*o/>o)(»^/wc)1^24tkoZ(F{Cj,C’)  where  d'  is  the  critical  angle  for  total  internal  reflection.  In 

'l(C,tC\h,L)  •  exp(-ifco($0,x  +  Co*v))(38)  (43)  |/fo|exp[-ifcoPo)  represents  the  incident  radiation  field 
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and  the  output  term  txp\-t{kiLi  +  koL()]  it  the  scattered 
lateral  wave  (tee  Fig.  3).  The  coupling  between  the  radiation 
field  and  the  lateral  wave  is  represented  by  F(C*tClf  and 
/(C*,C\/»,L).  The  solution  for  the  scattered  lateral  wave  it 
consistent  With  reciprocity  relationships,  thus  the  expression 
(43)  also  represents  the  scattered  radiation  fields  due  to  an 
incident  lateral  rave.  The  lateral  wave  contribution  cannot 
be  derived  if  the  approximate  surface  impedance  concept  (36) 
is  used.  When  the  line  source  is  near  the  boundary  fi(x),  it 
excites  surface  waves  and  lateral  waves  in  addition  to  the 
radiation  term.  In  this  case,  it  is  also  necessary  to  consider 
the  coupling  between  the  lateral  waves  and  the  surface  wave 
at  the  irregular  boundary.  The  surface  wave  generated  at  the 
irregular  boundary  h(x)  by  an  incident  lateral  wave  is 


-  {Kiuli01x/(-2x  iktXo)V2] 


•  «p[-ito(Co»  -  5ji0)] 
■F(C.,C‘WC..Cf,h,L) 

«p(-i*(Co,y  +  S.,i)] 

(50) 

where 

F(C.,C‘) 

=  (^  +  1](,,/(1-.;)FJ 

(51) 

HC.,C*,h,L )  =  ±  r  «Pl-'*»{Co'> 

-(Si  -  So,M|di 

(52) 

and  for  -2o  >  L  the  amplitude  of  the  unperturbed  lateral 
wave  at  the  origin  is 

ff.(0,0)  = 

—If  two 

(l-(T)H2ry^l-,k,x0]s<:‘ 
•exp[-ita(^yo  - -S^o)l 

(53) 

Hence  in  (50)  Mp[-it0(CoV°  -  Siio)]/l*i*o)3/J  correipondi 
to  the  incident  lateral  wave  while  the  output  term  exp[-i*o 
0 Co.V  +  S„  x)]  corresponds  to  the  scattered  surface  wave. 

This  solution  for  the  coupling  between  the  surface  wave 
and  the  incident  lateral  wave  by  irregular  surfaces  is  also 
consistent  with  reciprocity  relationships  in  electromagnetic 
theory.  Thus,  (50)  also  represents  the  lateral  wave  generated 
at  the  irregular  boundary  by  an  incident  surface  wave. 

It  should  also  be  pointed  out  that  if  the  exact  bound¬ 
ary  conditions  at  the  irregular  surface  are  replaced  by  the 
approximate  KirchofT  type  boundary  conditions  (Beckmann 
and  Spizzichino  1963),  the  surface  wave  and  lateral  wave  con¬ 
tributions  are  not  taken  into  account. 

To  obtain  the  full  wave  solutions  for  transient  excita¬ 
tions,  an  sly  ti  cal  and  numerical  Fourier  techniques  are  em¬ 
ployed.  For  arbitrary  time-varying  excitations,  the  instanta¬ 
neous  expressions  for  the  magnetic  force  jm  for  t  >  0  is 

=  Re|ff/.(0*(*-*o)% -*)*,!  (54) 

where  for  convenience  the  excitation  function  /«(<)  is  taken 
to  be  complex.  The  Fourier  transform  of  ft[t)  is 

m  =  Fi/*oi  =  (55) 

The  transfer  function  IT,(w)  for  the  scattered  fields  satisfies 
the  relationship 

(56) 


where  •  is  the  symbol  for  the  complex  conjugate.  However, 
m  general,  F(u)  ^  F*(-u>)  since  /,(*)  is  complex.  The  tran¬ 
sient  response  can  be  shown  to  be  given  by 

/»(?,*)  =  R *F~lHa{u)F(u) 

=  Re;—/  Ht(u)F(u)cxv{v*}t)<Lj 

=  Reh.(f,0  (57) 

In  this  work,  LORAN  C  plus  excitations  are  considered  in  de¬ 
tail  This  pulse  can  be  represented  as  a  sum  of  three  damped 
sinusoids  (Johler  and  Horowitz  1973). 

/.(‘)  =  X>,«P(-IV)«(0  (58) 

in  which  u(t)  is  the  unit  step  function. 

A\  =  t/2,  T,  =c  +  *wi,  ui  =  wc, 

=  —  s/4,  F?  =  c  -f  wj,  u>a=we  +  2w,, 

A3  =  -if 4,  r3  =  c  +  u*i3,  -  2w,  (59) 

Thus, 

F(u)  =  EA,/(s  +  r,) 

fs(t)  =  iexp(--rt)sin2c;,t  exp(-*<jct)  (60) 
f(t)  =  |/,(£)|sln^t  (61) 

and  the  envelope  is 

|/.(i)|  =  «p(-c<)  (62) 

In  general  for  dissipative  media,  the  transfer  functions 
are  non-analytic.  In  these  cases,  the  transient  response 
MM)  is  expressed  as  follows  (Bahar  1978a): 

MO  =  MO  +  MO  (63) 

where  hi(t)  is  the  contribution  to  h,{t)  from  the  poles  of 
F(s)  =  F(u*>)  (at  $  -  -T,)  and  h//(t)  is  the  contribution 
to  h,(t)  from  the  singularities  of  the  transfer  function  //J(s). 
If  #£(*)  does  not  possess  singularities  in  the  vicinity  of  the 
poles  of  F(s)  it  follows  that  |h/f(t)j  <  |&i,(t)l* 

The  term  h»{t)  is  significant  only  at  the  leading  edge  of 
the  response.  However,  any  distortion  of  the  leading  edge  of 
the  pulse  due  to  medium  rfTects  could  result  in  an  effective 
delay  in  arrival  time  of  the  radio  signal. 

The  instantaneous  p).*«  $(t)  of  the  transient  response 
is  given  by  the  phase  of  tae  complex  response  h,{t).  Thus 

m  =  *Ktan[Im  {/.(<)}/R*  {/.(<)»  (64) 

For  the  undistorted  LORAN  C  pulse  #t)  =  -wct.  However, 
in  general,  the  phase  deviation  (or  phase  anomaly)  for  the 
transient  response 

MO  =*<)  +  “>«*  (65) 

does  not  vanish.  Rapid  van  itions  in  A^(t)  occur  at  the  lead¬ 
ing  edge  of  the  transient  response.  Thus,  examination  of  the 
terms  hn(t)  and  A^(t)  is  also  useful  to  determine  medium 
effects  on  pulse  delays. 

For  the  illustrative  examples  presented  in  this  section, 
the  carrier  frequency  fc  =  10s  Hz,  f,  =  /c/40,  and  c  -  10/,. 
The  irregular  boundary  between  the  two  media  is  given  by 

h{x)  =  fimaxll  +  cos{*x/L))/2,  -*L  <  x  <  l  (66) 


HM  =  h;{-u) 
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whew  2 L  =  lOAoe,  kochmax  =  2.  The  free-space  wavelength 
at  fe  is  Xqc  =  3  X  103  m. 

In  Fig.  4,  the  instantaneous,  specularly  scattered  radia¬ 
tion  field  is  plotted  as  a  function  of  t1  -  t  -  t&%  where  tA  is 
the  arrival  time  of  the  earliest  response.  Medium  1  (y  <*  h) 
is  assumed  to  be  highly  conducting  <r  =  100  -  il(J*(wc/u>) 
and  9q  =  ~  80°.  The  envelopes  of  the  scattered  field 

and  the  undistorted  LORAN  C  pulse  are  also  given  in  Fig.  4. 
For  convenience,  both  have  been  normalized  to  unity  at  their 
respective  peaks. 

For  the  case  studied  in  Fig.  4,  the  pulse  scattered  in  the 
specular  direction  undergoes  very  little  distortion. 

In  Fig.  5,  the  non-specularly  scattered  radiation  field  is 
considered.  For  this  case  cf  =  10(1  -  iu>e/<j),  0*  =  80*,  and 
—  50.8*.  This  value  of  0q  corresponds  to  the  direction 
where  the  scattered  field  is  at  a  minimum.  In  Fig.  5a  in 
which  the  scattered  instantaneous  response  and  envelope  are 
plotted,  we  note  that  the  pulse  is  distorted.  Furthermore,  in 
Fig.  5b,  the  undulations  in  phase  anomaly  result  from  the 
fact  that  near  the  direction  of  a  minima  (0<J  =  50.8*)  the 
scattered  fields  undergo  destructive  interference. 

4JMQMQGENEQUS  ANISOTROPIC  IONOSPHERE 
EFFECTS  ON  NAVIGATIONAL  AND  POSITIONING 
SIGNALS 

Numerical  and  analytical  expressions  are  obtained  for 
the  reflected  and  transmitted  horizontally  and  vertically  po¬ 
larized  wave  incident  upon  an  inhomogeneous  anisotropic  lay¬ 
er  such  as  the  ionosphere.  To  this  end,  it  is  necessary  to  deter¬ 
mine  the  transfer  functions  (the  reflection  and  transmission 
coefficients)  as  a  function  of  frequency  and  to  apply  Fourier 
transform  techniques. 

Full-wave  solutions  for  the  (steady-state)  transfer  func¬ 
tions  are  used.  These  full-wave  solutions  are  based  on  a 
method  which  utilizes  generalized  characteristics  vectors  to 
determine  the  elements  of  a  non-singular  transformation  ma¬ 
trix  (Bahar  1976).  This  transformation  matrix  is  used  to 
convert  Maxwell's  equations  for  the  transverse  components 
of  the  electric  and  magnetic  fields  into  a  set  of  loosely  cou¬ 
pled  first-order  differentia]  equations.  However  these  WKB 
solutions  fail  in  critical  coupling  regions  where  the  charac¬ 
teristic  roots  tend  to  merge.  For  these  regions,  numerous 
analytical  and  numerical  techniques  employing  several  spe¬ 
cial  functions  have  been  used  to  obtain  suitable  solutions  for 
the  fields.  Special  mathematical  functions  are  not  used  here 
for  the  critical  coupling  regions.  Instead,  a  suitable  set  of  lin¬ 
early  independent  wave  amplitudes  are  derived  through  the 
use  of  the  generalized  characteristic  vectors  (Bahar  1976). 

An  approximate  analytical  expression  for  the  transient 
response  is  also  obtained  through  a  suitable  expansion  of  the 
transfer  function  about  the  carrier  frequency.  This  analytical 
solution  does  not  account  for  the  singularities  of  the  transfer 
function.  However,  since  the  third  zero  crossing  of  the  re¬ 
sponse  is  regarded  as  the  elective  arrival  time  of  the  received 
signal,  the  analytical  solutions  can  be  used  to  determine  the 
signal  delay  as  well  as  the  time  of  the  third  zero  crossing. 
The  fast  Fourier  transform  (FFT)  techniques  are  also  used 
to  determine  the  transient  response,  the  amplitude  distor¬ 
tion  (due  to  the  singularities  of  the  transfer  function),  as  well 
as  the  phase  anomaly  which  influences  the  effective  arrival 
time  of  the  response. 

Maxwell’s  equations  for  the  transverse  electromagnetic 
field  components  in  horizontally  stratified  anisotropic  media, 
such  as  the  ionosphere  can  be  expressed  in  separable  form  as 
follows  (Budden  1962): 


1  dc 

-_L_  =  Tc 
ikdz  ' 


in  which 


Et 

-Ef 

H* 

H, 


(67) 


(68) 


u  -  tio  2  -xk(z  —  zo),  (69) 

and  ko  —  u(poto)1^2  is  the  free- space  wavenumber.  The  el¬ 
ements  TtJ  of  the  4  x  4  dimensionless  matrix  T  which  are 
related  to  the  susceptibility  matrix  A/  are  in  general  also 
function  of  u  (Budden  1962).  The  z-axis  is  norma]  to  the 
horizontally  stratified  media,  and  the  direction  of  the  inci¬ 
dent  wave  normal  in  free  space  is 

n  =  (sdg  +  cd,),  (70) 

where  s  and  c  are  the  sine  and  cosine  of  the  angle  of  incidence 
0  for  propagating  waves.  Thus,  the  fields  are  independent 
of  y,  and,  assuming  time  harmonic  excitations,  the  factor 
exp(-t*kz)exp(iuf)  is  suppressed  throughout  this  work.  The 
transverse  electric  field  components  are  Eg  and  £v,  while 
//,  and  are  the  transverse  components  of  the  normalized 
magnetic  field  rjH  where  tj  =  (fio/fo)1^2  is  the  free-space  wave 
impedance,  and  H  is  the  magnetic  field. 

When  the  parameters  of  the  susceptibility  matrix  M 
(plasma  frequency  /,,  collusion  frequency  uy  gyrofrequency 
Jh,  and  the  direction  of  the  earth’s  magnetic  field  d h)  are 
slowly  varying  functions  of  z  and  the  medium  is  devoid  of 
critical  coupling  regions,  the  matrix  transformation 

e  =  S/  (71) 

can  be  used  to  convert  Maxwell’s  equations  (67)  into  a  set 
of  loosely  coupled  equations  for  the  upward  and  downward 
propagating  ordinary  and  extraordinary  wave  amplitudes  /, 
(*  =  1,  2,  3,  4): 

/'  =  A/  +  r/  (72) 


in  which 


A  =  S~lTS,  r  =  S'1  S'  (73) 

The  matrix  transformation  S~lTS  yields  a  diagonal  matrix 
A  whose  elements  are  the  characteristic  values  of  the  matrix 
T.  These  characteristics  values  9,  are  solutions  to  the  Booker 
quartic  (Budden  1962): 

det(T-*/)  =  |r-*/|  =  0  (74) 

in  which  /  is  the  identity  matrix  of  rank  n  a  4.  The  columns 
of  the  4  x  4  matrix  S  are  the  four  characteristic  vectors  that 
satisfy 


TS*  =  9,  S'  (75) 

Since  the  medium  is  varying  T,  9,,  and  S'  are  functions  of  z 
in  (72).  To  solve  (72)  numerically  for  the  region  -Az/2  < 
z  -  zc  <  Az/2,  it  is  convenient  to  evaluate  S'  using  (75)  at 
z  =  ze  for  the  entire  partition  of  width  Az.  Thus  for  each 
partition  |z  -  ze|  <  Az/2,  (72)  is  replaced  by 

/’  =  s-xtsjsS-'{tc+t,)sj 

=  (A. +  7  )fsCf 


(76) 
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is  which 

Te  =  T(zc ),  A<  =  A(*),  «d7  =  S-'T,S  (77) 

The  dements  7**  of  the  coupling  matrix  7  vanish  at  x  =s  z* 
since  TjsT-T,  vanishes  at  the  center  of  the  partition 
of  width  Ax.  When  the  fourth-order  Runge-Kutta  method 
(Abramowitz  and  Stegun  1964)  is  used  to  solve  (76),  the  par¬ 
tition  sire  must  be  chosen  such  that  |C**fcAz|  <  1,  where 
Cm*  Me  the  dements  of  the  matrix  C. 

For  critical  coupling  regions  where  the  characteristic  val¬ 
ues  q%  tend  to  merge,  the  transformation  matrix  S  obtained 
by  using  (7$)  becomes  near  singular,  and  the  coupling  coef¬ 
ficients  7mA  become  very  large.  In  these  regions,  the  inter¬ 
action  between  the  characteristic  waves  /<  constitute  large 
reflections  or  strong  coupling  between  the  ordinary  and  ex¬ 
traordinary  waves  traveling  in  the  same  direction.  Thus,  the 
transformation  based  on  (75)  is  not  suitable  for  critical  cou¬ 
pling  regions.  For  these  regions,  it  has  been  shown  that  it 
is  possible  to  construct  a  non-singular  transformation  matrix 
S  by  using  generalized  characteristic  vectors  (Bahar  1976). 
Thus  for  instance,  if  for  the  matrix  T  -  To  the  characteris¬ 
tic  equation  |To  -  ql |  =  0  has  a  root  $  of  multiplicity  m,  it 
has  been  shown  that,  associated  with  this  root,  there  exists 
m  linearly  independent  generalized  characteristic  vectors.  In 
this  case,  even  though  T0  and  the  generalized  characteristic 
vectors  are  independent  of  x%  the  transformation  matrix  5  is 
^-dependent.  It  can  be  shown  that  the  non-singular  matrix 
5  satisfies  the  equation  (Bahar  1976) 

S-'{T0S- ?)  =  A  (78) 

in  which  A  is  also  a  diagonal  matrix.  Thus  for  critical  cou¬ 
pling  regions,  where  the  characteristic  values  g,  tend  to  merge, 
(67)  can  be  transformed  to  the  following  matrix  equation: 

f  =  S-\TS  -  S')i  =  5‘ ‘[(T0  +  T,)S  -  S']/ 

=  (A +  7  )/sC/  (79) 

in  which 

T,  =  r-T,  ud  t  =  S-'T,S  (80) 

Hence,  at  a  critical  coupling  point  where  T  =  T0,  the  dements 
of  the  coupling  matrix  7mn  vanish. 

Since  the  transverse  components  of  the  electromagnetic 
fields  are  continuous  for  souredess  regions,  at  the  interface 
(z  =  zj)  between  two  adjacent  partitions  the  continuity  con¬ 
dition  is 


'M  =  s-/(JT-)  =  s+/(»r+;,  (si) 


tie*  transfer  functions,  it  is  necessary  .to  numerically  sots* 
the  tint-order  coupled  differential  equations  (76)  <a  (79)  in 
conjunction  with  the  continnity  conditions  (81)  at  the  inter¬ 
face  between  two  adjacent  partitions  of  width  As.  For  free 
space  above  and  below  the  anisotropic  dielectric  layer,  the 
transformation  matrix  S  can  be  written  ss  (Bahar  1976) 


0  0  e  -t 

110  0 
c  -c  0  0 

0  0  11 


(82) 


Thus  for  an  incident  horizontally  polarized  wave  of  amplitude 
ft"  at  z  =  0,  the  value  of  the  wave  amplitudes  at  z  =  0“ 
and  z  =  L*  are  fIH  and  f™,  respectively,  where 


1 

Rhh 

0 

Rvh 


Ith 


Thh 

0 

Tvh 

0 


(83) 


(84) 


Similarly,  for  an  incident  vertically  polarised  wave  of  ampli¬ 
tude  Jlv  at  x  =  0,  the  value*  for  the  wave  amplitude  at 
s  =  0~  and  r  =  l*  are  f,v  and  rv,  respectively,  where 


r  =  av 


0 

Rhv 

l 

Rvv 


fTV  =  flV 


Thv 

0 

Tvv 

0 


(85) 


(86) 


Since  the  values  of  the  wave  amplitudes  f  axe  unknown  ini¬ 
tially  at  other  boundary  z  =  0“  or  z  =  Z.+,  we  first  solve  (79) 
subject  to  the  two  separate  boundary  conditions  at  z  =  £+ : 


1  ‘ 

0 

9T  = 

0 

0 

and  hT  = 

0 

1 

0 

0 

Denoting  these  solutions  as  p(z)  *nd  h(z),  (whose  elements 
are  p,  and  h,, »  =  4)  respectively,  and  setting  p(0“)  = 

p;,  h{ 0“)  =  h the  wave  amplitudes  f(z)  can  be  expressed 
as  a  superposition  of  these  two  independent  solutions.  Thus 


where  S~  and  5+  are  the  transformation  matrices  for  z  = 
zt~  and  z  =  zj-+,  respectively,  and  zr±  =  linif^oxr** 
(d>0). 

The  transfer  functions  for  an  inhomogeneous  anisotropic 
dielectric  layer  are  the  horizontally  and  vertically  polarized 
reflected  and  transmitted  wave  amplitudes  excited  by  a  hor¬ 
izontally  or  a  vertically  polarized  incident  wave  of  unit  am¬ 
plitude.  Thus  for  instance,  the  reflection  and  transmission 
coefficients  Rvh{v)  Mid  7Vj/(w)  are  the  vertically  polarized 
reflected  and  transmitted  wave  amplitudes,  respectively,  due 
to  aa  incident  horizontally  polarized  wave  of  unit  amplitude. 
For  a  dielectric  layer  of  thickness  L  (0  <  z  <  L),  there  Me 
eight  transfer  function  Rpq(u>)  and  Tpq{u)  (P,  Q  =  V  or 
H)  for  waves  incident  from  below  the  layer  (z  <  0)  and  right 
transfer  functions  for  waves  incident  from  above  (x  >  L). 
They  are  related  through  the  adjoint  reciprocity  relationship 
in  electromagnetic  theory  (D.  M.  Kerns  1976).  lb  obtain 


/"(*)  =  9W  +  o"M*)  (88) 

/VM  =  atj(x)  +  M*)  (89) 

Equating  (88)  for  z  =  0“  and  z  -  L“  to  (83)  and  (84), 
respectively,  we  get 

°H  =  -AK  /o'"  =  »{+»>{  (90) 


1 

Rhh 

0 

Rvh 

Thh 

0 

Tvh 

0 


JO 


(91) 
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Similarly,  equating  (89)  for  n  =  0*  and  *  =  L~  to  (85)  ud 
(88),  rwpecttaly,  we  get 

Jm-UM.  jF— V  +  *<  («) 


0 

&HV 

l 

Rvv 

Thv 

0 

TVv 

0 


=  ^r(QV + **)» 


i 

W 


(«) 


For  low  frequencies  where  the  width  £  of  the  anisotropic 
dielectric  considered  is  of  the  order  of  several  wavelengths,  the 
numerical  solutions  to  (79)  can  be  obtained  using  a  fourth* 
order  Runge-Kutta  method  (Abramowitx  and  Stegun  1964). 
Typically,  the  number  of  partitions  needed  is  201/A  >  S  > 
10L/A.  For  high  frequencies  /  >  /,  and  I/A  >  1,  the 
Runge-Kutta  method  is  not  suitable,  aad  it  is  more  conve¬ 
nient  to  convert  the  coupled  differential  equations  (79)  into  a 
set  of  coupled  integral  equations  (Bahar  and  Agrawal  1979). 

Numerical  as  well  as  analytical  techniques  are  used  to  de¬ 
termine  the  transient  response  to  navigational  signals.  The 
LORAN  C  excitation  /(f)  (  considered  here  in  detail)  is  ex¬ 
pressed  in  terms  of  the  complex  functions  f»(t)  as  in  Section  3. 

The  transfer  functions  Rpq  (w)  and  Tpq(u>)  satisfy  the 
relationship 

Rpq(u)  —  R}>q(-u)  and  Tpq(u)  =  Tpg(-w)  (94) 

where  the  asterisk  denotes  the  complex  conjugate.  Thus  it 
can  be  shown  that  tbe  full-wave  expression  for  the  transient 
response  is  the  real  part  of  the  inverse  Fourier  transform: 

Reef(t)  =  Rer-,(F(w)R(w)) 

=  Re-^  j°°  F(u)R((j)txp(iut)<lu 
2  Re(e*(«)  +  ie;(t»  =  ej|(f)  (95) 


in  which  R(w)  is  any  one  of  the  right  transfer  functions 
R/»g(u)  and  Tpq(w).  To  obtain  an  approximate  analytical 
solution  for  e(t),  we  express  the  transform  R(u)  as  follows: 


envelope  of  the  incident  LORAN  C  pulse;  however,  the  in¬ 
stantaneous  phase  is  u>c(ri  +  t*)  +  #(*).  The  approximate 
analytical  expression  (100)  for  (95)  only  accounts  for  the 
residues  at  the  poles  of  the  transform  F(w).  However,  the 
expression  (95)  accounts  for  singularities  of  both  F(w)  and 
R(w).  The  singularities  of  £(<*>)  account  for  the  distortion  of 
the  transient  response  which  is  expressed  as  follows: 

MO  =  R*^£^F(uPM«xp(*«*) 

-  JT(we)  exp(-iwtrji)]  exp(*urt)du> 
z  AejtW  +  iAe/OT  (101) 

Since  an  analytical  expression  for  R(u)  is  not  known  for  ar¬ 
bitrary  anisotropic  media,  both  (95)  and  (101)  can  only  be 
evaluated  numerically.  The  FFT  techniques  are  found  suit¬ 
able  to  evaluate  these  integrals.  The  instantaneous  phase  of 
the  transient  response  (95)  is  given  by 

^)  =  tan-,Is/(0/^(f')]  (102) 

Thus  the  phase  anomaly  of  the  instantaneous  response  is 

A**1)  =  *0  +  +  tr)  +  d(wc)  (103) 

For  the  illustrative  examples  presented  in  this  section, 
the  carrier  frequency  fc  —  10s  Hz,  /,  ss  /c/ 40,  and  c*  =  10/,. 
The  inhomogeneous  anisotropic  ionosphere  is  characterized 
by  the  plasma,  collision,  and  gyrofrequencies  uft  v,  and  uh, 
respectively.  The  inhomogeneous  plasma  frequency  /,  is  as¬ 
sumed  to  be  given  by 

X(z)  =  (®)’  =  ||i-™(«/i)l. 

0  <  r  <  £  =  A*/2  (104) 

where 

X,  =  X(£)  =  (u ,,(£)/«)’  =  (A/A,(£))’  (1<») 

and 

A ,(£)  =  3.5  X  lO’m  =  co/,(£) 

Ac  =  colfc  =  tWpH  (106) 

Jc 


R(u)  =  |fi(u)|exp(i*(u)]  3  fl(-u,)exp(-i(u  +  Uc)r«),  (96)  The  collieion  frequency  in  given  by 


in  which 


Z{z)  =  i/(z)/v  =  Zj  exp(-7z),  0<z<I  (107) 


*(-««)  =  |«(-u,)|e*-“‘>  =  «-(«,)  (97) 

is  the  value  of  Rpq  at  v  =  -<*;<,  and  the  time  delay  rR  is 

r«  =  (98) 

Thun  on  nubetituting  (95)  into  (61),  we  get 

e.(«)  3  *exp(-Ct(t  —  rs))  wn3(u,(t  -  tr)) 

exp|-i(uc<  -  8(-Wc))]  £7(1  -  r/t)  (99) 

Noting  that  $(-«,)  =  -8(«c)  aad  netting  !'  =  t  -  r*,  (99) 
can  alno  be  written  an 

e.(t')  =  iejcp(-c,t')nin,u/ 

•exp(-.K(<'  +  r«)  +  ««,)])  V(t')  (100) 

Thun  in  the  above  analytical  exprtuion,  the  envelope  of  the 
renponne  with  renpect  to  the  nhift  time  t*  in  the  name  an  the 


where 

Z,  =  2(0)  =  42  =  A/A,(0)  (108) 

and 

A„(0)  =  2xcq/v  =  3  X  104  m,  7  =  2  x  10"4  m'1  (109) 

The  gyrofrequency  fu  is  given  by 

y(n)=^  =  A/A„  (110) 

where 

A//  =  ri,//H  =  3xI0,m  (111) 

The  direction  of  the  earth's  magnetic  field  in  is  given  by 

f  =  (0.54,  +  v/054,  +  0M)V,  =  «hV  (112) 
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1b  Fig*.  6  and  7,  the  transfer  function*  Rhj*  (w),  »ad  7|/jt(ur) 
are  given  for  wave*  incident  from  below  the  anisotropic  layer 
at  aa  u|le  $  =  45*;  thus  the  direction  of  the  wave  normal 
+  a,)/v/2.  The  value  of  the  transfer  functions  at 
«  =  Wf/2,  w  =  wc,  and  u  =  2u>c  are  indicated  by  symbol*  O, 
A,  and  *,  respectively. 

In  l‘4\  8  and  9.  the  normalized  value*  of  eji*(tO  and  its 
envelope  |c«jtf(OI  are  given  for  the  transfer  functions  fl«j#(w) 
and  Rvu(u)'  These  functions  are  evaluated  using  the  FFT 
algorithm  a*  well  as  the  analytic  expression  (99).  The  differ¬ 
ence  between  the  numerical  FFT  results  and  the  analytical 
results  A eft*)  (101)  is  negligible  for  1  >  3//o*  The  effect  of 
the  medium  is  to  cause  the  delay  r*  and  the  shift  in  the  third 
zero  crossing  of  approximately  half  the  period  If  ft-  The  de¬ 
lay  tfc  is  not  shown  in  the  figures  since  tRN  **  plotted  as  a 
function  of  the  shifted  time  scale  P  =  t  =  v*.  For  the  cases 
considered  in  Figs-  8  and  9,  r a  is  6.666  x  10“*#  and  6.660 
X  10"4*,  respectively.  There  is  excellent  agreement  between 
the  value  for  rn  obtained  from  (98)  and  the  numerical  results 
obtained  by  using  the  FFT  algorithm  in  Figs.  8  and  9. 
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Fig.  3.  Hie  scattered  radiation  fields,  surface  waves  and  lateral  waves  doe  to  incident  plane  waves 
over  rough  surfaces. 


M2 


Fig.  6.  Reflection  coefficient  for  horizontally  polarized  wave* 
£//«(<*>). 


Fig.  8.  Normalized  transient  response  ejuv(t')  and  its  enve¬ 
lope  |e«jv(f')l  corresponding  to  the  transfer  function 
(*)  analytic,  (O)  FFT. 


Fig.  7.  Transmission  coefficient  for  horizontally  polarized 
waves  7>/M(fai). 


Fig.  9  Normalized  transient  response  e/*v(0  an!  its  enve¬ 
lope  |e„v(t')|  corresponding  to  the  transfer  function 
Rv//(w).  (•)  analytic,  (O)  FFT. 
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The  transmission  and  reflection  scattering  coefficients  magnitude  is  the  top  number  of  each  pair, 
and  the  phase,  in  radians,  is  the  bottom  number. 
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RESUME 

Nous  examinons  dans  cet  article  les  effetsde  propagation  sur  les 
systtmcs  de  Localisation  4  Station  Unique  de  la  gamine 
dtcamtrrique. 

Nous  considtrons  tout  d'abord,  le  ptoblime  direct  qui  consist  4 
estimer  les  angles  d'arrivte  des  difffrcnts  plans  d'ondes 
incidents.  Pour  une  situation  du  milieu  ionosphtrique  donnte, 
nous  dtrerminons  pour  cela  les  angles  dlncideoce  de  l'ensemble 
des  trajets  et  modes  de  propagation.  Le  module  simplify  que 
nous  dtveloppons  pettnet  ensuite  la  simulation  du  comportement 
d'un  radiogoniomtoe. 

Ondonne  un  aperju  des  performances  des  systimes  basis  sur 
des  techniques  d'intcrftromttrie  ,  de  traitement  de  donates  et 
d'analyse  spatiotemporelle.  La  proximitd  des  modes  de 
propagation  ntccssite  dans  certains  cas  d'ajouter  une  proetdure 
de  ultrage  de  polarisation. 

Le  probltme  inverse  consiste  4  localiser  un  traetreur  4 1’aide  des 
rtsultats  de  goniomttrie  prtetdents.  Nous  voyons  l'effet  d'une 
incertitude  sur  le  profit,  avant  d'introduire  deux  techniques  de 
LSU :  l'une  traite  le  ptoblime  4  paitir  des  rtsultats  de  soodage 
vertical  an  point  de  reception,  la  seconde  rtactualise  en  oblique 
les  paramtaes  essentiels  du  profd.  Un  eaemple  d'influence  de 
Itodinaison  des  cooches  est  dgalement  doant 

ABSTRACT 

This  paper  deals  with  some  propagation  effects  which  can 
influence  Single  Station  Location  systems. 

We  consider  first,  the  direct  problem  which  consists  of 
estimating  several  directions  of  arrival  of  the  incoming  waves. 
Fotthis  purpose  and  fora  given  state  of  the  ionospheric  medium, 
the  angles  of  all  propagation  paths  and  inodes  are  determined.  In 
a  second  step,  the  simplified  model  of  waves  coining  from  the 
ionosphere  which  has  been  developed  before,  permits  us  to 
simulate  the  behaviour  of  radiogoniometers. 

We  analyte  the  performance  of  goniometric  systems  based  upon 
interferometry ,  data  processing  and  space  •  time  processing. 
Proximity  in  such  propagation  modes  leads  to  the  addition  of  a 
polarisation  filtering  procedure. 

The  problem  in  reverse  consists  of  locating  the  emitter  thanks  to 
the  previous  radiogoniometrv  results.  We  look  at  the  effect  of  an 
imperfect  knowledge  of  the  profile,  before  introducing  two  SSL 
methods :  the  fust  dealing  with  vertical  sounding  results  ;  the 
second  works  from  a  partial  updating  profile.  We  give  also  an 
example  of  an  influence  of  tilt. 


MOTS-CLES 

Propagation  ionoaphtrique  -  multitrajets  -  anisotropic  -  doppler  - 
tract  de  rayon  -  rnodile  MQP  -  iadiogoniocoftrie  -  interfiromdtrie 

-  filtrage  de  polarisation  -  localisation  4  station  unique  •  tilt  - 
rdactualisation. 

INTRODUCTION 

Les  techniques  de  radiolocalisation  4  station  unique  ont  tou jours 
suscitt  un  grand  inttrti  lid  4  l'exploitation  aisde  des  rdsuliats 
cspdrds.  Ces  techniques  s'appuient  sur  :■ 

-  une  proeddurt  d'obtention  des  angles  d’arrivte,  (dldvation  et 
ariaue) 

•  une  recherche  de  la  source  d’tmission  basde  sur  une 
roodtlisarion  4  une  ou  plusieurs  dimensions  du  profil  de  densitd 
dlectronique  associde  4  une  technique  de  tract  de  rayon  tdel  ou 
fquivaknt. 

A  l'invase  de  la  plupatt  des  publications  qui  soot  citdes  ici  par  la 
suite,  cet  article  aborde  les  deux  aspects  du  probltme  enpanlltte. 

Dans  une  prtmiire  partie  consacrde  au  probltme  direct 
(ddtennination  des  angles  d'arrivde),  on  suppose  connu  le 
comportement  du  milieu  ionosphdrique  dans  l'espace  et  le  temps. 
Les  paramttres  utilises  sont  ddduits  de  prdvisions  de 
propagation. 

Ainsi  nous  ddtetminons  d'abord.  pour  une  liaison  donnte,  le 
nombre  de  trajets,  de  modes  de  propagation  et  la  polarisation  des 
dt verses  ondes  incidcntes  au  systime.  Ccci  conduit,  4  mettre  en 
dvidence  les  contraimes  impostes  aux  radiogoniomitres  HF,  et 
aussi  4  dtfinir  des  limites  d’utilisation. 

La  modtlisation  des  signaux  tequs  en  vue  de  tester  les  divers 
types  de  radiogoniomitres,  revet  une  grande  importance.  Nous 
dtcrivons  le  modile  de  signal  utilisf  incluant  la  polarisation  des 
ondes  incidentes,  la  rfponse  des  antennes  4  ces  ondes  et  les 
dopplers  intermodes. 

Le  comportement  de  certains  systimes  existants  est  analyst ;  le 
modile  conduit  tgalement  4  associer  4  un  goniomitre  Iff  testt 
rfeemment,  une  technique  de  rdeeption  en  diversitt  de 
polarisation. 

Enfm.  dans  une  demiire  partie  quelques  aspects  du  probltme 
inverse  sont  abordts  :  influence  des  paramttres  du  profil  de 
densitt,  de  I’inclinaison  des  couches,  ntcessitt  de  disposer 
deformations  sur  le  profl*  de  densitt  tlectronique. 
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1.  LIAISONS  POINT  A  POINT,  DETERMINATION 
DU  NOMBRE  DE  TRAJETS  ET  DE  MODES 

Le  premier  problime  qui  se  pose  lorsqu’on  veut  simuler  le 
comportement  d'un  systime  de  radiogoniomitrie  HF  est  de 
savo:r  comment  s'effectuent  les  liaisons  point  4  point  par  voie 
lonosphiriquc.  Ceci  nicessite  deux  itapes  :• 

-  (a  definition  d'un  profil  de  densiti  electro nique 

-  une  technique  de  determination  des  angles  d'arrivee. 

1.1  Profil  de  densite  eiectronique 

Nous  avons  choisi  un  profil  de  densite  prenant  en  compte  les 
diffetentes  couches  de  densite  eiectronique  (E,  Fl  ,F2  ).  Parmi 
les  differents  modiles  disponibles  nous  avons  choisi  le  modile 
muldquasiparabolique  de  Hill  (1 )  representant  le  profil  de  densiti 
N(r)  1  partir  de  morccaux  de  quasi-paraboles.  Ce  modile  (MQP) 
est  actuellement  utilise  par  de  nombreuses  iquipes  (2 , 31 .  On  a 
ainsi : 

P 

N(r)  =  5>m,  1± 

**1 

avee: 

r  distance  point  ionospherique  considiri  -  centre  de  la 

terre 

Nm  densite  au  maximum  (ou  minimum)  de  la  couche 

1  parabolique  i 

rmi  vsleur  de  r  pour  N(r)  =  Nmi 
rbi  valeurderi  la  base  de  la  couche  consWerfe 

yna  demi-ipaisseur  pour  la  couche  quasiparabolique 

considirie 

P  n ombre  de  morecaux  de  quasipaiaboles 

Le  modile  est  construit  avee  3  couches  (E,  F 1  .F2 )  (figure  1 )  et 
une  val!6e  entre  E  et  F 1  .  Nous  pla^ons  entre  deux  couches  ainsi 
difinies  des  couches  de  liaison  igalement  de  type 
quasipzraboliques.  Une  telle  couche  peut  egalement  etre  utilisie 
pour  assurer  une  continuili  entre  le  bas  de  Fionosphire  (pris  1 80 
km)  et  la  couche  E.  Ceci  conduit  4  7  ou  8  morceaux  de 
quasiparaboles,  scion  qu'on  prenne  en  compte  cette  demiire 
couche  ou  non.  Les  paramitres  de  la  vallie  sont  diduits  de  ceux 
de  la  couche  E  suivant  la  technique  utilisie  dans  le  logiciel 
d'invetsion  des  ionogrammes  verticaux  POLAN  (4).  Les  profils 
ainsi  difinis  rendent  bien  compte  des  observations. 


ALTlTUDE(ka) 


.  '! 

300  - -  - - 


1 

100  -j. 


0  2  4  6  8 


FIGURE  1  -  PROFIL  DE  DENSrTE  ELECTRONIQUE 
ELECTRONIC  DENSITY  PROFILE 


-  l'apflication  de  la  loi  de  Bouguer,  1'anglc  d'ilivation  itant 
calculi  4  panir  de : 


Ek=  Are 


Ek  angle  d'amvie  correspondant  au  mode  k 
r  distance  centre  de  la  teirc-point  de  riflexion  diterminf  par 
'l  ititation 

n  (rtk )  indicc  de  phase  pour  r =r,k 

On  diduit  des  valeurs  de  Ek  et  r,  les  temps  de  groupc  et  de 
phase. 


Dans  nos  simulations,  nous  calculons  les  principaux  paramitres 
par  privisions  de  propagation.  Nous  diterminons  ainsi  les 
friquences  critiques  des  couches  E,  Fl,  Fi,  l'alutude  et  la  demi- 
ipaisseur  de  la  couche  F2 .  Les  autres  paramitres  sont  estimis. 
A  1'image  de  la  vallie,  nous  nous  donnons  la  possibiliti  de 
remplacer  ces  valeurs  par  celles  diduites  de  sondages  verticaux  et 
par  application  du  logiciel  POLAN. 

1.2  Techniques  de  ditermination  des  angles 

d'arrivie  lorsque  la  position  de  I'imetteur  est 
connue 


Dans  le  cas  ou  on  Kent  compte  de  Production  magnitique 
terrestre,  une  technique  plus  complcxe  est  nicessairc  :  nous 
avons  utilisi  des  tracis  de  rayon  (  61  associi  4  une  procidure 
d'inierpolation  de  donnies.  Pour  chaque  trajet,  on  difinit  deux 
modes  de  propagation  appelis  O  et  X  (7) 

Dans  le  cas  ou  le  milieu  est  considiri  comme  itant  isotrope, 
nous  diterminons  done  le  nombre  de  trajets  entre  un  imeneur  et 
un  ricepteur,  alors  que  si  on  tient  compte  de  Production 
magnitique  terrestre,  nous  diterminons  le  nombre  de  modes  de 
propagation. 


Suivant  que  l'on  ti-nne  compte  ou  non  du  champ  magnitique 
terrestre.  la  technique  mise  en  oeuvre  pour  ditermineT  les  angles 
d'amvie  sera  diffirente.  Dans  le  cas  oil  le  milieu  est  considiri 
comme  isotrope,  une  mithode  simple  est  d&rite  dans  (5).  Cette 
roithode  s'ippu’e  sur : 


1.3  Exemptes  de  risultats  et  consiquences  pour  la 
radiogoniomitrie 

Les  figures  2,3,4  prisentent  respectivcment  des  courbes  typiques 
des  angles  d'ilivation  attendus  en  fonction  de  la  frfquence  :• 


-  Pavantage  de  la  reprisentation  du  profil  par  morceaux  de 
quasiparaboles  conduisan:  4  une  expression  analyuque  de  la 
distance  de  saut  en  fonction  des  paramitres  du  profil  obtenus  4 
pattir  de  privisions  de  propagation  ou  de  mesurcs,  de  la 
friquence  et  de  Pangle  d'ilivation.  Elle  conduit  4  la 
ditermination  des  angles  d'amvie  pour  la  liaison  considirie. 


-  pour  une  propagation  en  considirant  Pionosphirc  isotropc  Oe 
profil  unhsi  est  celui  correspondant  4  la  figure  1) 

-  pour  les  modes  de  type  0  (figure  3) 

■  pour  les  modes  de  type  X  (figure  4) 
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Pour  simplifier ,  nous  nous  sommes  limitds,  pour  les  figures  3  et 
4,  au  cas  oil  la  couche  Fi  est  inexistame.Les  calculs  sont  faits 
avec  foE  =  3  MHz,  hmE  =110  km,  ymE  =  10  km,  foF2  =  9,3 
Mhz,  hmF2  =  300  km,  ymF2  =  150  km,  la  vallde  est  k  140  km. 

La  figure  2  montre  que  pour  certaines  frequences,  deux  ondes 
peuvem  aniver  au  rdccptcur  pour  une  reflexion  sur  une  couche 
donnde  •:  ce  sont  les  ondes  dues  hautes  et  basses.  L'onde  basse 
est  toujours  observde  alors  que  l'onde  haute  n'est  presente  que 
pour  une  plage  de  frequences  infericure  k  la  MUF.  Ces  resultats 
sont  caractdnstiques  des  mesures  en  sondage  oblique  [8], 

Angle  <5*levat-on(  Degrts  ) 


5  6  7  8  9  10  11  12  13  14 

Frequence  (  MHz  ) 

HmE  «t00km  ,  YmE  •  15km  .  FoE  «3  80MHz 
HmF1»200kn  ,  YmFI*  50km  .  FoFl*S  71MHi 
*  mF2*325km  ,  YmF2«102km  .  FoF2-8  14MHz 

FIGURE  2  -  PREVISIONS  DES  ANGLES  DELEVATION 
SUR  UNE  LIAISON  DE  871  KM  (JUIN  1992) 

ELEVATION  ANGLES  FORECASTS  FOR  A  871  KM 
CIRCUIT  LENGTH 


FIGURE  3  -  ISOCLINES  DE  DISTANCE  POUR  LE  MODE  O 
SKIP  DISTANCE  ISOCLINES  FOR  O  MODE 


FIGURE  4  -  ISOCLINES  DE  DISTANCE  POUR  LE  MODE  X 
SKIP  DISTANCE  ISOCLINES  FOR  X  MODE 


La  technique  du  trace  de  rayon  permet  d'estimer  1'dcan  entre  les 
angles  d'eievation  correspondant  aux  modes  O  et  X.  Dans  la 
zone  lineaire  de  la  figure  prdeddente,  (zone  pour  laquelle  il  n'y  a 
qu'un  seul  trajet),  les  valeurs  des  angles  d'am vde  restent  tris 
voisines ,  par  contre  ces  valeurs  peuvent  notablement  differer 
pour  des  frequences  voisines  de  la  MUF. 

Ceci  conduit  aux  consequences  suivantes  pour  effectuer  une 
radiogoniometrie  :■ 

-  plusicurs  trajets  correspondant  k  un  meme  mode  de  propagation 
peuvent  etre  tris  voisins.  Ceci  implique  une  contrainte  de 
separation  qui  ne  sera  pas  toujours  aisde  k  effectuer  en  particulier 
avec  des  rdseaux  de  petite  dimension.La  resolution  spatiale  d'un 
rdscau  antennaire  ne  permettra  done  pas  de  separcr  tous  les  trajets 
de  propagation. 

-  deux  modes  de  polarisation  correspondant  k  un  meme  trajet 
peuvent  arriver  sous  des  angles  encore  plus  voisins  que  dans  le 
cas  precedent  :  compte  tenu  des  limites  experimcntales  des 
goniomdtrts,  les  techniques  qui  ne  tiennent  pas  compte  des  effets 
de  polarisation  ne  pourront  separcr  ces  modes  et  les  rdsultats 
obtenus  pourront  etre  errones. 

Enfin,  un  grand  nombre  de  trajets  (et  de  modes)  peuvent  etre 
presents  stir  une  liaison  ;  ceci  implique  un  nombre  de  capteurs 
suffisant  par  exemple. 

La  separation  des  signaux  obtenus  autrement  qu'avec  un  filtrage 
spatial  est  done  ndeessaire  si  on  veut  augmenter  les  performances 
des  goniometers  L'etablissemcnt  d'un  moddle  de  signal  rdalitte 
permet  de  ddfimr  des  techniques  de  separation. 

2  MODELISATION  ANALYTIQUE  ET  DETERMI¬ 
NATE  DU  SIGNAL  A  LA  RECEPTION 

2.1  Expression  generate 

Plusteurs  approches  sont  possibles  :  la  premiere  consiste  k 
considdrer  le  canal  lonosphdnque  comme  un  filtre  lindaire  variant 
dans  le  temps  Le  canal  est  alors  ddent  soil  par  sa  rdponse 
tmpulsionnellc  h(T,t),  soil  par  sa  fonction  de  transfer!  H(to,t)  La 
determination  analyuque  de  ces  deux  fonctions  n'est  pas  aisde  k 
partir  du  moment  oil  le  canal  est  reprdsentd  de  fagon  rdalistc.  De 
plus,  1'approche  "filtre  lindaire"  ne  tient  pas  compte,  jusqu'k 
prdsent,  du  caractdre  vectoncl  de  la  propaganon  Ceci  signifie  en 
particulier  que  les  fonctions  h(T,t)  ou  H((i),t)  incluent  le 
phdnomene  de  couplage  champ-antcnnes.  Dans  ce  qui  suit,  nous 
proposons  une  approche  physique  du  problimc  ddjk  abordd  par 
ailleurs  [9,10). 

En  bande  dtroite,  nous  denvons  que  le  signal  regu,  sur 
1'antenne  l,  se  met  sous  la  foime  analyuque  suivanie : 

si=2-^kcJ  ltFrilt(^r  ^ipA^PitJ 

k=l 


oil  k  reprdsente  le  mode  incident  (O  ou  X)  associd  k  un  trajet.. 

N :  nombre  de  modes  regus. 

Ak  est  caractdristique  de  1'amplitude  de  ce  mode  et  Ok  sa  phase 
(en  bande  dtroite  0k  =  a>ki,  <ok=(o0+A  oik(t)  ,  to0pulsation 

du  signal  dims  et  A  cok  ddcaiage  doppler). 

Fik  est  une  fonction  caractdristique  de  1’antenne  ddpendam  de  son 
type  et  lieu  d'implantation  dans  le  rdseau  (parametre  Gi)  des 
dldvation  (Ey)  et  azimut  (Ajk)  d'amvde,  et  de  la  polarisation  de 
l’onde  incidente  (Pk)  ddpendant  elle-meme  de  la  frdquence,  des 
angles  d'amvde  et  de  la  nature  du  sol  au  voisinage  de  I'antennc. 
Nous  examinons  le  role  de  cette  fonction  au  paragriphe  suivant 
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Dons  le  cas  oil  tes  signaux  ont  une  bande  infdrieure  2  3  KHz, 
nous  demons  que : 

MO  =Im(t-tg)K  'i9kFik(Gr  EfcA^Pk) 

oil  tgkreprdsente  le  temps  de  propagation  assoc  id  en  inode  k,  et 
8k(t)  =  [w0+Atok(t)J  t  dans  tome  la  bande ;  A  tok (t) 
dtam  lid  au  temps  de  phase. 

Ceci  consume  dvidemment  une  approximation  puisque  le  milieu 
est  dispersif  mais  qui  rtste  acceptable  compte  tenu  des  otdres  de 
grandeur  des  diffdrents  termes. 

2.2  Effet  ccmbind  des  antennes  et  de  la  polarisation 
des  ondes  HE 

Connaissant  les  angles  d'arrivde  des  trajets  de  prop  ’ation,  et 
assimilant  la  base  du  profil  2  l'altitude  de  sortie  des  ondes  de 
l'ionosphdre,  on  calcule  1'dtat  de  polarisation  des  modes 
magndtoioniques,  en  utilisant  les  conditions  aux  limites  de 
Buddcn  (7).  Elies  donnent  en  particulier,  le  rapport  (R)  de 
polarisation  dans  le  plan  d'onde  et  Tangle  a  entre  le  grand  axe  de 
l'ellipsc  de  polarisation  et  Thorizontale  locale.  On  ndglige  le 
terme  de  collision. 

R  et  a  ddpendront  de  la  localisation  gdographique  du  rdeepteur, 
et  de  la  direction  d'arrivde  de  l'onde.  Les  composantes  du  champ 
dlectrique  associd  2  chacun  des  modes  sont,  par  suite, 
propottionnelles  au  phaseur  [1,  U(R,a),  0]. 

Le  capteur  supposd  en  diversitd  de  polarisation,  est  constitud  de 
plusieurs  antennes  (fouets  ou  cadres)  II  est  reprdsentd  par  une 
matrice  T  (Az,  E) .  L'effet  de  sol  y  est  inclus. 

La  connaissance  du  champ  dlectrique  au  voisinage  des  antennes 
peimet  de  ddterminer  leur  rdponse  caiactdrisdc  par  Fik  nombre 
complexc  introduit  dans  (11).  II  est  fonction  par  suite  de 
1'antenne,  de  son  lieu  d'implantation,  du  type  de  mode,  de  la 
polarisation  de  l'onde,  et.  par  les  conditions  de  Budden,  de  la 
direction  d'incidence  de  l'onde  II  s'dcrit : 

Fik  =*  T  (Azk.Ek) .  [I.U(R,a),0]T 

Une  dtude  complite  du  comportement  des  antennes  filaires 
actives  a  ltd  publide  par  ailleurs  [11]. 

Trois  figures  illustrent  les  rdsultats  obtenus : 

-  La  figure  5  montrc  (si  Ton  admet  les  conditions  prdeddentes) 
1'dtat  de  la  polarisation  dans  le  plan  d'onde,  des  ondes  incidentes 
aux  antennes.  Sur  cette  figure,  le  point  milieu  reprdsente  le  point 
2  la  verticale  de  Tobservateur.  Lorsque  le  paramdtre  caractdrisant 
les  isocoutbes  tend  vers  1,  la  polarisation  est  quasi-circulaire,  s'd 
est  dgal  2  zdro.  la  polarisation  est  lindaire.  Pour  Paris,  les  ondes 
incidentes  sont  polansdes  circulairement  lorsqu'elles  arrivent  du 
sud,  avec  une  dldvation  de  l'ordre  de  64°.  Nous  sommes  dans  ce 
cas  en  propagation  quasilongitudinale.Des  calculs  analogues 
effectuds  pour  d'autres  stations  [11,  18)  montrent  la  grande 
variabilitd  de  ces  graphes  en  relation  avec  le  componemcnt  du 
champ  magndtique  terrestre. 

-  Les  figures  6  et  7  reprdsentent  les  modules  des  rdponses  2  6 
MHz  d'antennes  filaires  actives  placdes  2  5  m  de  hauteur  pour  les 
deux  polarisations  (OetX)etune  station  situde  2  Paris.  Le 

sol  est  caraetdrisd  par  sa  permittivitd  (£r  =  15)  et  sa  conductivitd 

(o  =  10-7  S/m  ).  La  variation  des  modules  a  did  interpretde 
mathdmatiquement  dans  [11]  Les  diffdrences  de  phase  entre  les 
signaux  obtenus,  sur  les  deux  antennes  croisdes,  sont  dgalement 
donndes  dans  [18],  Les  antennes  cadres  trds  souvent  utilisdes  en 
radiogoniomdtrie  HF  ont  des  componements  semblables  2  ceux 
des  antennes  filaires  placdes  dans  les  memes  conditions 
expdrimentales. 


FIGURE  5  -  ABAQUE  DE  POLARISATION  ( PARIS-6  MHz) 
POLARIZATION  CHART  ( PARIS-6  MHi) 


FIGURE  6 


FIGURE  7 

AMPLITUDE  DES  SIGNAUX ,  ANTENNE ,  E-W 
SIGNAL  INTENSITY  E-W  ANTENNA 


9-5 


2.3  Ddcalage  doppltr 

Nous  considdrons  des  raouvements  lents  de  l'ionosphdre,  ou 
d'une  couche  particulidre,  tels  que  par  extmple  le  mouvement 
ascensionnel  des  couches  ionosphdnques  tu  cours  de  U  joumde, 
et  le  mouvement  pseudopdriodique  induit  par  le  passage  d'une 
onde  atmosphdrique  de  gravitd. 

3t  v(r,t)  rep  id  seme  la  vitesse  de  ce  mouvement,  l'indice  s'dcrira 
de  fajon  gdndrale,  sous  la  forme : 

n(r,t)  =  n(r  -  v(r,t).t) 

Pour  des  mouvements  sufTisamment  lents  et  de  petites  dchelles 
vis  &  vis  de  la  distance  de  propagation,  l'allure  des  variations 
donnde  it  v(t,r)  se  retrouve  sur  celles  du  temps  de  phase  et  de 
groupe.  En  notant  fo  la  frequence  de  la  poneuse,  la  ddrivde  du 
chemin  de  phase  donne  l'allure  du  doppler  attacbd  au  k140*  mode 
de  propagation  particulier.  On  dcrit  : 

fdk(0  =  -fo.d(P«ikW))/dt 

P<pk  (t,0  est  le  temps  de  phase  du  mode  k. 

Pour  simplifier  la  gfndntion  du  signal  pour  une  pdriode  de 
sunulation  typiqucment  inferieure  1 1  heure,  nous  donnens  au 
doppler  une  allure  simple  de  type  sinusofcUlc  ddjk  introduite  dans 
(9  et  13).  Les  valeurs  d'amplimde  des  oscillations  et  leur  pdriode 
sont  ddduites  d’expdri  mentations  [10,12]. 

Ainsi  l’amplitudc  des  mouvements  ionospbdriques  (en  particulier 
celle  due  aux  ondcs  atmosphdriques  de  gravitd)  emit  jusqu'k  une 
altitude  voisine  du  maximum  d'ionisauon  [13] .  Nous  denvons 
que: 

“V  ,  =  “o-  t  +  a%^.Tcos(^  +  <X>k) 
oh: 

Ek :  est  l'angle  d'dldvation  exprimd  en  degrds 

T :  est  la  pdriode  d'une  perturbation  (T  typique  associde  k  une 

onde  de  gravitd  voisine  de  15  mn) 

mo :  est  la  pulsation  de  la  porteuse  (nulle  en  bande  de  base) 

<X>k  -  est  la  phase  1  Torigine 

a :  terme  d'ampbtude  associd  k  la  distance  dmetteur-rdeepteur. 


Ce  dernier  formalisme  ndglige  la  composante  continue  du 
doppler,  mais  rend  bien  compte  d'obsemtions  rdalisdes  par 
ailleurs  [8,10,12],  Le  ddcalage  doppler  est  d'autant  plus 
important  que  Tdldvation  est  dlevde,  ce  qui,  pour  une  liaison 
donnde,  traduit  l'influence  de  la  pdndtradon  dans  le  milieu 
ionosphdrique.  Typiqucment,  pour  des  distances  de  1000  km,  on 
prendra  a  =  1,  ce  qui  conduit  k  des  effets  dopplers 
iooosphdriques  de  Tordre  de  0,9  Hz  au  maximum. 

Nous  avons  vu  que  pour  un  mime  trajet,  les  trajectoires  des 
modes  O  et  X  restent  trds  prochea ;  les  dopplers  correspoodants 
seront  trds  voisins  et  il  sera  difficile  de  sdparer  ces  ondes  en  des 
temps  de  Tordre  de  quelques  seconder.  Settle  une  technique 
udHsant  la  diversild  de  polarisation  permettra  de  le  faire . 

La  figure  8  prdsente  les  signaux  observes  sur  2  cadres  croisds 
dans  le  cas  d'une  liaison  de  620  km.  On  constate  un 
cotnpo.tement  trds  different ,  ce  qui  est  confonne  au  module 
ddvcloppd. 

3  GONIOMETRIE  :  PROBLEME  DIRECT 

Nous  considdrons  dans  cette  panic  le  cas  de  rdseaux  de  petites 
bases  avec  lesquels  on  souhaite  estimer  les  angles  d'anivde  dea 
multitrajets  ionospbdriques.  Nous  prdsentons  des  rdsultats  de 
simulation  et  nous  n'envisageons  pour  cela  que  les  effets  de 
propagation  moddlisds  dans  la  partie  2  ;  nous  supposons 
dgalement  que  le  systdme  antenne-dlectronique-traitement,  est 
parfait,  et  que  les  effets  de  bruit  ou  de  couplage  sont  ndgligds. 

Les  simulations  montrent  notamment  comment  les  multitrajets 
affectent  les  proeddures  dites  classiques  et  dans  quelles  limites  un 
naitement  de  donndes  permet  de  les  amdUottr. 

Nous  prdsentons  ensuite  une  premidre  approche  de  gonioendtrie 
par  une  technique  de  traitement  de  signal  simple :  elfe  consiste  k 
sdparer  les  multimodes  par  analyse  spectrale  [14]. 

L'attention  est  ponde  davantage  sur  l'application  rdeente  de 
1‘algorithme  Haute  Rdsolution  MUSIC  a  un  systdme  HE 
expdri mental .  Nombreuses  rdfercnces  sont  faites  k  Rogier  et  al 
[15],  en  ce  qui  conceme  Timpldmentation  de  Talgorithmc,  la 
description  du  systdme  et  sa  validation  expdrimentale. 

Nous  montrons  dgalement  Tintdrdt  d'ajouter  un  filtrage  de 
polarisation  (ce  qui  review  k  travailler  avec  un  rdscau  d'antennes 
en  diversitd  de  polarisation)  dans  le  cas  d'une  trop  forte 
corrdlation  entre  modes  de  propagation. 
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FIGURE  8  -  EXEMPLE  DE  SIGNAUX  RECUS  PENDANT  80  SECONDES  SUR  DEUX  CADRES  CROISES :  6.09  MHz 

LIAISON  LUXEMBOURG  •  RENNES 

SO  SECONDS  OF  SAMPLES  RECEIVED  ON  TWO  CROSSEDLOOP  ANTENNAS :  6.09  MHz 
CIRCUIT  LUXEMBOURG  ■  RENNES 
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3.1  Comportement  de t  interfiromitre* 

Plusicurs  types  de  radio|oniomlties  ont  iti  diveloppis  en 
particulier  pour  It  localisation  en  VHF  et  UHF.  Les  techniques 
utilisies  ont  souvent  tot  tnnsfdrtes  pour  tialiser  des  goniomitnes 
dans  la  gamme  HF  (tnterfiromitres,  goniomitres  doppler, 
balayage  de  lobe).  Le  pan  grip  he  prfcident  nous  a  montri  la 
complexity  des  signaux  repus.  Four  tllustrer  leur  comportement 
en  HF.  nous  nous  hmitons  1  la  presentation  du  corrqtortemcnt  de 
I  tntetfiromitre,  les  autres  techniques  conduisent  1  des  rdsultats 
analogues. 

Goniomitrie  par  inferfiromitric  instantannie  avec  utilisation  it 
capteurs  composts  /Tune  stale  antenne 

Les  angles  d'anivde  soot  diterminis  1  partir  des  diffirtnces  de 
phase  des  signaux  observis  sur  chacune  des  antennes.  Aucune 
amilioration  dans  le  traitement  n'est  apportie  et  c'est  pourquoi 
nous  qualiflons  ces  interfiromhtrcs  de  *clissiqucs". 

L'application  atut  goniomitres  de  dimensions  faibles  par  rapport 
1  la  longueur  d'onde,  du  modile  et  des  relations  de 
linterfdromdtrie  conduisent  aux  conclusions  suivantes : 

a)  en  l'absence  d'effet  doppler  diffiientiel  et  pour  des  amplitudes 
de  signaux  identiques  pour  chacun  des  modes  de  propagation,  le 
systitne  calcule  unc  Odvadon  "mpyenne”  telle  que  :• 

I  N 

““Emoyoi”^  E  005 Ek 

M 

N :  nombrc  d'ondes  incidentcs  au  systime. 

b)  La  presence  d'un  doppler  diffirtntiel  intermode  introduit  des 
variations  impottantes  de  I'angle  moycn  calculi  autour  de  la 
valeurpticidente. 

Dans  tous  les  cas  l'azimut  pour  une  me  me  liaison  imetteur- 
rdccptcur  cst  calculi  contetement  dans  la  mesure  oh  on  suppose 
que  les  ondes  incidentes  ont  le  mime  arimut. 

La  figure  9  prisente  le  risultat  d'une  goniomitrie  simulic  sur  ce 
principe  et  rialisie  en  supposant  3  modes  incidents  (Hk  =  30°, 
60°,  62°)  de  mime  arimut  (0°)  et  d'amplitudes  t gales  et  incluant 
un  doppler  dui ‘rcnticl.  On  peut  constatcr  la  variation  des  angles 
calculi.  Ces  formes  de  fluctuations  sont  observfes  friquemment 
et  sont  explicables  avec  le  fomulismc  proposi. 

Goniomitrie  par  interfiromftrie  instantannte  avec  utilisation  de 
capteurs  d  plusicurs  antennes 

L'emploi  de  plusieuts  antennes  pour  consumer  un  capteur  permet 
de  rialiser  des  filtrages  de  polarisation  lets  qu'ils  ont  iti  difinis 
de  fapon  ginirale  par  Compton  (17),  et  en  HF  par  Bertel  etal 
(16]  et  Rojas  (10].  De  fapon  industrielle,  en  HF,  la  solution 
souvent  retenue  consiste  1  sommer  les  signaux  obtenus  sur  2 
antennes  I  polarisation  honzontale  disposies  petpendiculairement 
en  diphasant  l'un  d'eux  de  ±  x/2  . 


Ceci  permettrait  d'iliminer  l'une  des  ondes  O  ou  X  d'un  mime 
trajet  si  les  signaux  correspondents  itaient  toujours  diphasis  de 
t  >t/2.Ce  n'est  pas  toujourc  le  cas  (18). 

Cette  procidure  dans  le  cas  d'un  trajet  peut  amiliorer  la 
goniomitrie  comme  le  roontre  la  figure  10. 

Dans  le  cas  oil  il  y  a  plusicurs  trajets,  le  problime  sc  ramine  au 
cas  pticident  (figure  1 1). 

Ces  remarques  momrent  que  le  compoitement  de  ce  type  de 
radiogoniomitre  n'est  pas  satisfaisant  et  que  1'utilisation  des 
risultats  obtenus  doit  itrr  assodie  i  une  analyse  i  postiriori. 
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FIGURE  9  -  SIMULATION  DE  RESULTATS  DUNE 
INTERFEROMETRIE  CLASS1QUE 
SIMULATION  RESULTS  OF  CLASSICAL 
INTERFEROMETRY  BASED  SYSTEM 
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FIGURE  10  -  SIMULATION  DE  RESULTATS  D'UNE 
INTERFEROMETRIE  AVEC  FILIRAGE  DE 
POLARISATION  (2  MODES  O  ET  X  INCIDENTS) 
POLARIZATION  FILTERING  APPLIED  TO  A  CLASSICAL 
INTERFEROMETRY  BASED  SYSTEM  (2  INCIDENT 
MODES  O  AND  X  ) 
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FIGURE  11  -  SIMULATION  DE  RESULTATS  DUNE 
INTERFEROMETRIE  AVEC  FTLTRAGE  DE 
POLARISATION  (3  MODES  O.  O  ET  X  INCIDENTS) 
POLARIZATION  FILTERING  APPLIED  TO  A  CLASSICAL 
INTERFEROMETRY  BASED  SYSTEM  <3  INCIDENT 
MODES  O,  O  AND  X  ) 
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Amelioration  it  la  uchmqut  pricidtntt  tt  Interfiromitrit  & 
uaiianent  it  donnUs 

Le  systhne  Skyloc  [19]  repry sente  unt  amelioration  de  U 
technique  prfctSdente.  Elle  consiste  i  conserve!  les  donndes  qui 
vdrifiem  une  certaine  lindnitd  du  phut  d'oode  le  long  du  rdseau. 
Ces  donates  particuliires  vteifient  lliypothise  de  propagation 
unimodik  (QUMP).  Le  cumul  des  rfsuluts  d'interferometrie 
sous  forme  d’histogrunroes  penpet  un  gtin  sensible  dins  li 
precision  et  l'exploititioo  des  goniomdmes.  Li  distinction  emit 
modes  O  et  X  est  cependint  dimdle. 

Les  deux  techniques  peteddentes  ne  prennent  pis  en  compte  de 
moddle  de  propigition  ni  de  signil  HF.  Les  rdsultits  sont  bien 
sur  corrects  si  Thypothise  QUMP  est  respeette.  En  pratique 
cependint  li  probability  d'lvoir  ces  conditions  diminue 
rapidement  ddsquele  nombre  de  trajets  ddpisse  2  [20]. 

L'exploititioo  des  rdsultits  en  terme  de  goniotnetrie  repose 
ensuite  sur  li  variability  du  anil  HF  :  en  considdnnt  N  ondes 
incidentes,  N-l  s'innulent  pir  interference.  Reste  un  mode  qui 
ippirait  distinctement  et  peut  etre  goniomdtre,  tucun  effort 
d'tdcntificition  n'est  flit  it  ce  sude.  On  espdre  ensuite  que  les  N 
ondes  vontse  combiner  entreelksetippanitrci  tour  derive. 

L'lvinuge  est  dins  li  simplicity,  le  ddsivintige  dins  le  temps 
d'dtablissement  dbisto  gramme :  typiquement  10  k  20  mn  dipits 
les  rdsultits  publids  [21], 

3.2  Goniomttrie  utilisint  li  technique  du  biliyage  de 
lobe  et  triitement  des  donnees 

II  avail  die  montre  que  l'utilisition  d'un  r6seau  phase  de  grande 
dimension  [22]  issociy  I  li  technique  de  "beamforming"  ne 
permettiit  pis  avec  un  seul  balayage  d'obtemr  les  valcurs  des 
angles  d'airivte.  Le  rtsau,  compte  tenu  de  sa  dimension  peut 
permettre  li  separation  des  trajets  mais  les  antennes  utilistes 
(vetucales)  ne  permettent  pas  la  separation  des  inodes  0  et  X 
d'un  meme  trijet. 

Une  technique  de  moyennage  baste  sur  la  nemarque  presentte  au 
paragraphe  3.1  conduit,  sous  ceruines  contraintes,  &  une  bonne 
determination  des  angles  d'airivte  telatifs  aux  traiets  .  Nous  nc 
developpons  pas  ici  ce  sujet  traite  dans  un  autre  unde  [23]  de 
cette  meme  conference. 

3.3  Association  d'une  technique  d'interferometrie  et 
d'analyse  sped  rale 

Dans  [14  ],  nous  avons  envisage  une  premiere  ipproehe  pour 
separer  les  multimodes :  nous  travaillons  sur  porteuse  et  nous 
$6parons  les  differents  modes  pu  analyse  spectrale  lindaire  (FFT) 
ou  non  lineiirc  (Bttrg-Marpk)  super  resolutive  compiette  ou  non 
pu  unfiltrage  depolarisation. 

Si  la  resolution  est  suffisante,  on  deduit  les  angles  d'urivee  des 
differentes  modes,  des  phases  assocides  aux  maxima  du  spectre. 
Le  cis  contraire  permet  d’acceder  au  mieux,  aux  ingles  des 
trajets  de  propagation. 

La  procedure  est  inadequate  aux  instants  oh  les  dopplers 
inermodes  sont  nuls.  La  coherence  des  rfsultats  de  goniometne 
au  cours  du  temps,  ou  le  cumul  de  ceux-ci  en  histogramrae, 
permet  d’eiiminer  les  ambiguTtes  dues  I  ces  mauvaises 
goniometries . 

Le  temps  de  station  runty  du  signal  timite  l'eroploi  de  la  FFT  i 
des  durtes  de  mesure  de  20  3  SO  secondes  environ,  selon  le 
nombre  de  modes  presents.  Les  methodesde  Burg  etdeMarple 
apporte  si  necessaire,  une  meilleure  resolution  que  la  prtefdente; 
1  resolution  egak,  et  pour  un  rapport  signal  sur  bruit  suffisant, 
elles  permettent  egalement  de  ditmnuer  le  temps  nycessaire  pour 
goniometter  un  emetteur.  La  figure  11  presente  un  rfsultat  ootenu 
avec  les  memes  donntes  que  pour  les  figures  9  et  10  .  Le 
doppler  intermode  est  suppose  toe  de  0.1  Hz  et  la  durte  de 
rechantillonnage  de  1Z7  s. 
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FIGURE  12  INTERFEROMETRIE  PAR  ANALYSE 
SPECTRALE 

SPECTRAL  ANALYSIS  INTERFEROMETRY  METHOD 


3.4  Exemple  d'un  algorithme  Haute  Resolution 
applique  i  la  HF  :  MUSIC 

MUSIC '  Multiple  Signal  Classification,  est  une  des  methodes 
de  goniometne  baste  sur  les  proprietes  de  decomposition  en 
elements  proprcs  de  la  nut  trice  de  covariance.  Ces  methotks  ont 
fte  dans  la  dcmitec  dfcennie  l'objct  de  nombrcuscs  recherches  et 
s'appliquent  indifferemment  &  Tanalyse  spectrale  et  1  la 
gomoroetrie.  En  HF.  citons  parmi  d'autres,  Gething  [20]  qui 
utilise  ces  proprietes  pour  des  antennes  adaptatives.  Johnson  [24] 
qui  rappoiie  la  simulation  de  MUSIC  4  Tcsttmation  de  Tazimut 
d'ondes  de  sol  uniquement. 

Trois  difficultes  1  l'application  de  cette  technique :  la  correlation 
qui,  si  elle  est  totale,  detruit  le  pouvoir  haute  resolution  de 
i'algorithme  ;  l'idcntifiation  du  nombre  de  modes  presents ;  la 
connaissance  en  gain  et  phase  du  rfseau  antennaue  [25). 

Ces  differents  pints  sont  particultiremcni  sensiblcs  en  HF.  La 
panic  2  a  permit  de  proposer  une  modeiisation  pour  deux  d'entre 
eux :  la  correlation,  et  la  teponse  des  antennes. 

A  I'exemple  de  [24],  nous  supposons  le  nombre  de  modes  fixe, 
et  nous  ne  montrons  que  l'effet  de  la  correlation  et  du  filtrage  tie 
polarisation  sur  la  goniometrie.  Par  suite,  nous  utiltsons 
uruquement  la  methode  de  moyennage  direct  pour  l'csti matron  de 
la  matrice  de  covariance. 

Une  etude  plus  gtoyrale  de  cette  techmque  est  presentte  par  G. 
Multedo  dans  un  autre  article  de  cette  conference  [26]. 

Presentation 

[.’application  de  MUSIC  nteessite  une  formulation  matridelfc  du 
signal  requ  sur  k  rtseau.  Le  vecteur  tfobservation  x(t)  forme  des 
signauxsft) sur ks differents capteurs,  stent: 
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x(t) = A.s(i)  +  b(t) 

x(t)  a  la  dimension  du  nombre  de  rdcepteurs  (P)  constituent  le 
fdseau 

s(t)  de  dimension  N,  reprdsente  les  modes  incidents,  dont 

l'expression  est  donnde  dans  la  partie  2 

b(t)  est  le  bndt  addidf  sur  chacun  des  capteurs  du  rdseau. 

A  une  matrice  dont  cheque  colonne  a  (Aa.  Ha)  reprdsente  un 
modile  de  plan  d'oode  incident. 

L'algorithme  MUSIC  utilise  les  vecteurs  proprcs  de  la  matiict  de 
covariance  spatiale  Rxx,  ou  de  son  estimde  obtenue  par 
moyennage  sur  une  durde  T»  de  la  matrice  x(t).x(t)+  .  En 
supposant  N  modes  prdsents,  non  totalement  corvdlds,  les 
vecteurs  proprcs  correspondents  aux  N  plus  grandes  valeurs 
proprcs  ddcnvent  l'espace  signal.  Les  P-N  vecteurs  proprcs 
restant,  ddcnvent  l'espace  bruit . 

LTienniticitd  de  Rxx  et  par  suite,  1‘oithogonalitd  de  ces  2 
espaccs,  permet  de  ddfinir  une  fonctioo  qui  est  maximum  pour 
les  directions  d'amvde  des  ondes  incidcntes.  Cette  fonction  pore 
indiffdrrmment  le  nom  de  spectre  de  MUSIC  dans  (27,28.29]  ou 
de  fonction  du  goniomitre  dans  [30],  Elle  sdcrit : 

f(Ar,B).  f 

£  |vJa+(Az.E)| 
k-N+1 

ou  Vkrepidsentent  les  vecteurs  proprcs . 

Le  nombre  de  modes  pouvant  etre  obtenu  par  MUSIC  est 
tbdoriquement  dgal  au  nombre  de  capteurs  du  rdseau  moins  un. 
De  plus,  dans  le  cas  oik  la  matrice  de  covariance  est  bien  esdmde, 
ainsi  que  la  rdponse  du  rdseau  d'antennes,  la  rdsolution  est 
infinie.  En  pratique,  les  hypothises  qui  permetlent  d'atteindre  ces 
performances  ne  sort  pas  vdrifldes. 

Allure  de  la  correlation  eiure  deux  modes 

Le  meddle  de  signal  du  paragraphe  2  avec  son  doppler  lentement 
variable,  rend  cclui-ci  non  station  naire  sur  un  intervalle  de  temps 
T». 

Pour  le  cas  de  deux  inodes  de  propagation,  la  matrice  de 
covariance  Rxx(to.Ta)  estimde  par  moyennage  direct,  fait 
intervenir  le  terme  r(to.Ta),  qui  scion  le  moddlc  de  signal,  est  le 
produit  de  la  fonction  d’autocotTdlation  rm(r)  de  la  modulation 
m(t)  et  du  terme  de  corrdlation  introduit  par  le  doppler 
diffdrentiel.  Ce  dernier  ddpend  de  la  variable  dec.  Nous 
dcrivons,commeRogiereta].  (IS] : 

rf«o.T,)»rm(tt,-tg2).p(t0,T,) 
f  l0  +  T. 

Ptt°-Ta|=^J  exp|jAto)2sin{^)j  dt 

“>J  :  amplitude  du  doppler  entre  les  modes  I  et  2  de  temps 
de  grouped,,  estgj 

t  :  pdriode  de  1’onde  atmosphdrique  de  gravitd 
to  •:  temps  initial  de  la  mesure. 

La  figure  13  rcprdjeme  les  isoclines  du  module  de  la  conflation 
intermode;  m(t)  est  un  bruit  blanc  de  bande  B  pour  simplifier ;  to 
est  pris  nul.  La  difference  de  temps  de  propagation  entre  les 
modes  (axe  horizontal)  ou  une  integration  sur  le  temps  (axe 
vertical),  permet  de  duninuer  la  correlation. 


Nous  nous  plafons  par  la  suite  dans  le  cas  defavorable  d’une 
porteuse  pure,  ou  seule  une  integration  sur  le  temps  permet  la 
decorrelation.  La  figure  14  monae  cet  effet,  pour  differentes 
amplitudes  de  doppler  intermode,  en  fonction  de  l'instant  initial 
de  mesure  to. 


FIGURE  13  -  ISOCLINES  D'AMPLITUDE  DE  LA 
CORRELATION  ENTRE  2  MODES  DE  PROPAGATION 
CORRELATION  AMPLITUDE  ISOCUNES  BETWEEN  2 
MODES  OF  PROPAGATION 


0  eo(s)  450 


FIGURE  14  -  AMPLITUDE  DE  LA  CORRELATION  EN 
FONCTION  DE  to  POUR  DIFFERENTES  VALEURS  DU 
DOPPLER,  TEMPS  DTNTEGRATION :  5  s. 

CORRELATION  AMPLITUDE  VERSUS  to  FOR  DIFFERENT 
DOPPLER  SHIFT  AMPLITUDES,  INTEGRATION  TIME  :S  s 

Influence  de  la  corrdaaon  sur  la  goniomitrie 

Nous  considdrons  le  cas  simple  d’un  rdseau  lindaire  de  3 
capteurs,  et  de  2  modes  incidents.  Nous  avons  choisi  un  mode  k 
30  degrds,  le  second  &  60  degrds  d'dldvation  et  de  mime  azimut . 
Le  signal  est  une  porteuse  pure,  la  matrice  de  covariance  est 
estimde  par  moyennage  direct,  et  nous  utilisons  les  deux  valeurs 
propres  les  plus  importantes,  sans  discrimination  sur  leurs 
valeurs. 

Les  figures  i5  et  16  momrent  en  parallile  revolution  de  la 
correlation  i  .termode,  le  compottement  des  deux  valeurs  propres 
"signal"  et  les  rdsultats  de  goniomdtrie,  ceci  en  fonction  de 
l'instant  initial  to  de  mesure  et  pour  une  durde  d'intdgration  Ta 
non  optintisde  par  rapport  k  (15).  Dans  ces  figures,  I  to  **  0,  les 
signaux  sont  corrdlds,  la  pdriode  T  est  prise  dgale  1  900 
seconder. 
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FIGURE  16  -  ESTIMATION  DES  ELEVATIONS  DE  2 
MODES  (30Wj  ET  AMPLITUDE  DE  LA  CORRELATION 
ESTIMATED  ELEVATION  ANGLES  FOR  2  MODES  (30°j60°) 
AND  CORRELATION  AMPLITUDE 


Pour  une  correlation  inftrieurc  it  95%,  I'algorithme  detects  les 
deux  modes  presents  .  La  goniometrie  est  conriddree  comme 
ccnecte  pour  une  valeur  inferieure  k  85%. 
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Influence  dufiltragc  depolarisation 

Les  capteun  du  rdseau  soot  contdtues  cette  fois  de  2  amennes 
foucts  horizontaux,  orientees  Est-Ouest  et  Nord-Sud.  Le  filtrage 
de  polarisation  consisk  t  sommer  les  signaux  refus  sur  ces  deux 
antennes,  apris  un  ddphasage  de  ±  X/2  de  l’un  d'eux.  Le  capteur 
obtenu  est  une  arnenne  I  polarisation  citculaire  droite  ou  gauche, 
qui  pennet  d'attenuer  run  des  modes  O,  X  des  trajets  de 
propagation. 

La  thdorie  magnetoionique  et  les  abaques,  montrent  cependant 
que  ce  filtrage  n'est  pas  optimum  dans  toutes  les  directions.  Les 
rdsultats  suivants  le  confument  egalemcnt 

Les  simulations  prennent  en  compte  les  deux  trajets  precedents 
avec  les  deux  modes  magnetoioniques  presents  pour  chacun 
d'eux:  30,  32,  60,  62  sont  les  angles  d'616vation  attendus. 
L'effct  de  sol  n'est  pas  pris  en  compte. 
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FIGURE  18  -  ESTIMATION  DES  ELEVATIONS  PAR  MUSIC 
AVEC  FILTRAGE  DE  POLARISATION,  EN  POINT1LLES  : 
RESULTATS  SANS  FILTRAGE,  S1GNAUX  DECORRELES 
ESTIMATED  ELEVATION  ANGLES  BY  MUSIC  WITH 
POLARISATION  FILTERING,  IN  DOT  LINES  :  RESULTS 
WITHOUT  FILTERING,  DECORRELATED  SIGNALS 


9-10 


Sans  filtrage,  la  conflation  intermode  perturbe  la  goniomftrie. 
L'eneur  varie  avec  l'azimut,  c'est-4-dire  avec  la  polarisation  de 
1'oode.  Sans  conflation,  on  cbtient  un  tf  sultat  interessant  dans  le 
sens  oh  l’algorithme  estime  la  valeur  moyenne  des  2  modes  (de 
mcme  f nergic  ici).  Dans  les  deux  cas,  pour  un  azimut  de  90°,  le 
filtnge  descent  inefficace.  Ceci  est  aisf  ment  interpretable  quand 
on  tient  compte  de  la  tfponse  des  antennes. 

La  procfdure  avec  filtnge  sf  pare  les  deux  modes,  l'etreur  reste 
inffricure  au  degrf .  Les  courbes  montrent  une  faible  variation 
avec  l'arimut  et  le  niveau  de  conflation. 

4  LOCALISATION  :  PROBLEME  INVERSE 

Dans  ce  qui  suit,  nous  ne  prfsentons  que  quelques  aspects  du 
problfme  inverse.  Nous  supposons  que  le  problfme  direct  a  ftf 
bien  traitf  et  que  les  angles  d'arrivfe  correspondant  aux  ondes  les 
plus  "fnergftiques"  sont  bien  dftemtinfs. 

4.1  Influence  d'une  incertitude  sur  le  profit  de 
densitf  flectronique 

Pour  un  cas  typique  (distance  D  fmetteur-rfeepteur  voisine  de 
1300  lem,  milieu  de  joumfe  juin  1992),  nous  prfsentons  la 
vanation  de  la  distance  fmetteur-rfeepteur  pour  un  angle 
d'flfvation  donnf  (30°),  cn  fonction  de  la  variation  de  hmF2 
(figure  20).  et  de  foF2  (figure  19)  Nous  constatons  qu'une 
erreur  de  ±  0.5  MHz  autour  de  la  valeur  foF2  prfdiie  se  traduit 
par  une  variation  relative  de  distance  AD/D  pour  le  cas  prf  sentf 
de  17  %.  Une  variation  de  50  km  sur  hmF2  conduit  de  la  meme 
fafon  1  un  AD/D  de  30  %. 
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FIGURE  19  -  VARIATION  DE  LA  DISTANCE  EMETTEUR- 
RECEPTEUR  EN  FONCTION  DE  f0F2 
SKIP  DISTANCE  VARIATION  VERSUS  foF 2 

(  ^  distance  cncttcur-reccpteur  (x  1000  Km  ) 
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FIGURE  20  -  VARIATION  DE  LA  DISTANCE  EMETTEUR- 
RECEPTCUR  EN  FONCTION  DE  hmF2 
SKIP  DISTANCE  VARIATION  VERSUS  hmFl 


Les  rf  sultats  montrent  l'importance  que  revet  la  connaissance  du 
profil  de  densitf.  Afin  de  disposer  d'informations  sur  celui-ci, 
plusieurs  mfthodes  peuvent  ftre  utilises.  Nous  les  dferivons 
succinctement. 

Utilisation  (Tun  sondeur  vertical  au  point  de  reception 

Cette  technique  est  employfe  par  difffrentes  fquipcs.  Elle 
nfeessite  1‘implantation  d'un  systfme  "actif*  au  point  de 
rfeeption.  Son  avamage  rfside  dans  1'utilisation  possible  d'une 
mfthode  de  dftermination  de  la  distance  bxsfe  sur  la 
reprfsentation  (MQP)  du  profil  (31).  Cette  mfthode  doit  toutefois 
etre  combmfe  avec  une  transposition  du  profil  de  densitf  en 
fonction  du  point  de  if  flexion. 

Procedure  de  rfactualisation  du  profit  de  densitf 

Cette  mfthode  a  faf  dferite  par  ailieurs  (5),  elle  s'appuic  sur : 

-  des  donnfes  de  propagation  issues  de  prfvisions 

-  des  mesures  effectufes  par  le  goniotnftre  sur  des  fmetteurs 
connus  fonctionnant  dans  une  zone  voisine  de  celle  oh  le  systfme 
4  locahser  se  trouve.  A  partir  de  ces  mesures,  une  rfactualisation 
partielle  du  profil  de  densitf  est  effectufe.  Les  premiers  rfsultats 
obtenus  sont  trfs  encourageants . 

Cette  mfihode  prfsentc  l'avantagc  de  ne  pas  nfeessiter  de 
systfme  actif  (fmetteur),  par  centre,  elle  suppose  la  connaissance 
de  la  localisation  d'autres  fmetteurs  dans  des  zones  voisines  de 
I'fmcneur  4  localiser. 

4.2  Influence  de  I'indinaisoo  des  couches 
ionosphfriques 

L'inclmaison  des  couches  ionosphfriques  (tilts)  est  life  4  la  fois  4 
la  variation  diume  du  milieu  et  aux  perturbations  de  petites  ou 
moyennes  fchcllcs  associfes  aux  ondes  atmosphfriques  de 
gravitf  ou  orages  ionosphfriques.  Les  couches  rfflcctriccs 
peuvent  alors  schfmanquemcnt  revftir  difffrentes  formes :  plan 
inclinf,  ondulations.  surfaces  concaves  ou  convexes.  Ceci 
conduit: 

-  4  fc:re  varier  les  angles  d'arrivfe  (azimut  et  flfvation) 

-  4  augmenter  parfois  le  nombre  de  trajets  et  modes. 

De  nombreuses  ftudes  onl  dfji  ftf  publifes  sur  ce  sujet  [32J. 
Nous  avons  vu  qu'il  ftait  difficile  de  sfparcr  les  signaux 
correspondant  4  chacun  des  modes  de  propagation.  En 
consfquence,  les  rfsultats  publifs  sur  les  variations  d'anglei 
d'anivfes,  doivent  etre  utilisf  s  avec  prfeaution. 

La  figure  21  donne  un  excmple  de  vanation  de  l'azimut  d'arrivfe 
avec  l'flfvation  pon-  un  trajet  donnf  de  352  km  (Cholet- 
Coulommiers).  Le  dispositif  expfrimenul  utilisf  est  celui  dferit 
par  Rogicr  et  al  [15).  Les  mesures  ont  ftf  effectufes  sur  4  jours 
en  septembre  1991  au  moment  d'une  activitf  magnftique  trfs 
variable.  Elies  conduisent  4  des  angles  d'flfvation  variant  de  20° 
(propagation  en  1  bond  par  rf  flexion  sur  la  couche  E) .  4  75° 
(propagation  en  2  bonds  par  ifflexion  sur  la  couche  F2). 

L'influence  de  la  variation  diume  du  milieu  ionosphfrique 
apparait  daitemem.  On  constate  en  effet  que  :• 

-  aux  faibles  flfvations,  azimut  estimf  et  azimut  gfomftrique 
(236°)  difffrent  de  ±  1°  environ,  ce  qui  correspond  4  la  prfeision 
attendue  sur  une  rnesure  pcrturbfe  par  les  mouvements  de  petites 
fchelles. 

-  aux  flfvations  plus  flevfcs,  1'fcart  entre  les  valeurs 
expfrimentale  et  gfomftrique  (pour  l'azimut)  s'amplifie.  Ceci 
peut  se  concevoir  car  la  prfasion  sur  la  dftermination  de  l'azimut 
dferoit  avec  l'flfvation.  Toutefois,  cct  fcart  n'est  pas  distribuf  de 
fajoq  alfatoire,  il  apparait  comme  ftam :  nfgatif  le  matin,  nul  vets 
rmdi,  positif  le  soir. 
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FK3URE21  -EFFET  DES  TILTS :  ELEVATION  EN  PONCTIWJDE  L’AZIMUT 
TIUS  EFFECTS  :  ELEVATION  VERSUS  AZIMUTH 


On  met  done  en  Evidence  on  pbEnombnc  qui  est  de  nature 
gEophysiqtse  et  non  instnsmentale.  La  liaison  est  Sud-Ouest  — * 
Nord-Est.  Le  signe  dcs  Ecarts  pent  l  interprtter  en  tennes 
d'inclinaisoo  des  couches  de  la  rfgion  F :  )e  matin  elkt  soot  plus 
basses  1  Test  qu'a  l'ooest,  et  au  sod  qo'an  nord.  L'althude  de  la 
cooche  E  vane  peu.  Une  liaison  s'sppuvant  tur  une  rtflexioo 
spEculaire  sor  de  Idles  couches,  conduit k  dEtcrmincr  un  aomut 
ipf&ieuriracmM  local  gEomfoiqoele  matin  (Poor  ce  css  Tll- 
TL).  Le  soir.  le  phEnomEne  est  inversE.  A  midi,  les  couches  soot 
supposEes  quasunent  horixontales  et  l'Ecan  est  stadstiquement 
mu. 

4.3  ConsEqntnces  expfri  men  tales 

Les  deux  paragraphs  ptEcEdents  moo  treat  que  pour  tare 
performante,  la  localisation  HF  nEcessite  une  coonsittance  en  4 
dimensions  (altitude,  latitude,  longitude,  temps)  du  milieu 
ionospbEriqoe.  Les  sechniques  de  rEsctualisatioo  dles-mEmes 
doivent  tenir  cotnpre  de  cent  variabffirE. 

Du  point  de  vue  opEradonneL  locsqu'oo  dispose  de  plusieun 
angles  d'arrivEc,  la  vsriabililE  du  milieu  conduit  d'abord  4  utiKser 
les  an  {les  correspoodant  k  une  propagation  par  b  cooche  E 
rdadvement  stable  poor  dEsenmncr.la  distance.  La  discrimination 

entre  une  liaison  par  un  ou  plusieun  bonds,  peut  aloes  Etre 
rEalisEe  en  employant  lea  valeurs  des  autres  angles  d'anivEe. 


Le  modble  de  signal  dEveloppE  a  permit  d’interprtter  le 
comportemem  de  oertains  systtmes  de  gomonsEtnc,  es  comment 
un  filtrage  de  polarisation  indusuiel  conduit  k  recouvrei  une 
pastie  des  capncitEs  petdues.  On  peut  Egalement  conclure  que  la 

conception  de  ces  systEmes  a  longtemps  souffen  de  Hmage  trap 
alEaaone  que  Ton  avatt  du  canal  ionos^iErique. 

U  ptoMtese  inverse  a  montrE  le  rile  important  que  rcvit  b 
mfiu.isxanre  du  ptoftl  de  densitE  si  on  veut  eftectoer  une 
localisation  avec  precision.  II  a  soolignE  Egalement  reflet  de 
i'inclinaison  des  couches  et  la  nEcessitE  de  leur  pose  en 
rofKliW|[Tion|vwamflWrf  lrepcrftamance.sdeasystEsnes. 

Enfin,  les  travaux  sur  ic  filtrage  de  polarisation  abotdEs  id, 
naentrent  le  poaendd  que  l’on  pounait  en  attendtc  en  HF.  Cette 
extension  nEcessite  en  contrepartie  un  effort  important  de 
modEKsation  des  antennes. 


La  notion  de  haute  rEaoiution  «  notamraent  le  nomhte  maximum 
de  sources  pouvsnl  itrc  rfsolues  par  ct  type  d'algorithme,  est 
dElicatek  verifier  expErimentalemenL  Cette  obactvanonn  eat  pns 
spEcifiqoe  de  la  Hr.  La  mise  en  oeuvre  dune  telle  technique 
nEcessite  one  maltrise  patfaite  de  l'EIcctranique  et  des  mftlioocs 
de  calibration  du  rfacau  aotennaire. 

i  remerciements 


S  CONCLUSION 


Nous  svoos  abordE  en  paralUle  dans  cet  article,  let  deux 
probbmes  propres  k  la  radiolocalitatioo  HF.  Nous  avoos  montrf 
comment  certain*  phEnomhnes  de  propagation  pouvaient 
influence*  chacun  d'eux. 


direct  a  mootrf  les  nombreux  mulutrajets  qu'un 

_ de  gooromEtrie  t  k  rEsoudre.  L' anisotropic  attache  k  ceux- 

ci  un  mode  O  et  X  d'incidences  trts  voi sines.  La  modElisation 

MQPpennet  dans  axis  les  casd'obtemrrapidement  les  diffErents 

paramtocs  de  propagation  (Elevation.  phase,  groepe,  doppler) 
que  ptendencompreU  simulation  du  signal  requ. 


Ce  travail  a  EtE  soutenu  par  les  contrats  DRET 
(n°  89.34.062  et  n°  90.473),  THOMSON  (n°  007T.89)  et 
CNET  (n°  S9.8B.068).  Les  auteurs  tienoeot  Egskment  k 
remerder  Messieurs  MultEdo  et  Rogier  de  b  SociElE  Thomson 
-CSF,  division  RGS,  poor  les  nombreuses  discussions  sur  le 
sujet, « les  donnEet  expErimeatales  qtn  ontpermisoetle  Etude. 
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DISCUSSION 


C.GOUTELARD 

L* utilisation  del  mfthodet  ipectralet,  ne  peut  ctrc  ftiie,  me  semble  t’il,  que  iur  del  4metteurx  coopfoantt  ou  paiticulien.  Avez-vou a 
une  mdthode  ptrticuliire  pour  lei  appliquer  3  del  <metteur»  non  coopdranti? 

It  would  stem  to  me  that  spectral  methods  can  only  be  used  on  cooperative  or  specific  emitters.  Do  you  have  a  special  method  for 
applying  them  to  non-cooperative  emitters? 

AUTHOR’S  REPLY 

11  elt  exact  que  let  m&hodae  spectralet  ndcewtent  de  trav  tiller  en  bande  ftroite  et  done  tur  del  fanetteura  utilisant  une  poiteuae, 
qu’ib  loient  coop<ratifi  ou  non.  D  en  rfiulte  que  cette  technique  tera  de  prfterence  utilise  pour  des  etude*  i  milieu  de 
propagation  ou  devaluation  d'autres  technique!. 

It  is  true  that  spectral  methods  will  only  work  in  a  narrow  bond,  and  therefore  on  emitters,  which  use  a  carrier,  whether  they  ore 
cooperative  or  not.  Therefore,  this  technique  will  preferably  be  used  for  studies  of  the  propagation  environment  or  for  the 
evaluation  of  other  techniques. 
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ABSTRACT 

This  paper  describes  the  observed 
performance  of  a  HF  Single  Site  Locator 
(SSL)  which  employs  current  interferometer 
technology.  142  locations  were  obtained  from 
non-cooperative  targets  over  a  five  day 
period  in  April  1989.  Locations  were 
determined  from  fast,  high  resolution 
azimuth  and  elevation  angle  of  arrival 
measurements  and  a  knowledge  of  the 
ionospheric  reflecting  medium.  Exact  emitter 
locations  were  determined  post  facto  with 
ground  truth  data  from  the  field  units. 
Five  modes  of  transmission  were  encountered 
and  the  signals  were  successfully  located. 
Miss  distance  accuracies  varied  between  12. 5 
kilometers  to  40.5  kilometers  over  ranges 
that  varied  from  109  kilometers  to  526 
kilometers.  Performance  varied  as  a 
function  of  modulation  type  with  SSB  voice 
being  the  most  difficult  to  prosecute  and 
packet  and  burst  signals  were  the  easiest 
to  locate.  Also  performance  varied  as  a 
function  of  range  and  the  relationship  of 
the  operating  frequency  to  the  maximum 
usable  frequency  between  the  SSL  and  the 
target. 

I.  INTRODUCTION 

HF  radiolocation  will  remain  important 
to  the  surveillance  community  through  the 
next  several  decades.  Use  of  the  HF 
spectrum  continues  to  expand,  especially  in 
third  world  countries.  The  number  of 
emitters  will  increase  and  the  use  of  more 
exotic  modes  of  transmission  is  also 
expanding.  From  the  surveillance  point  of 
view,  the  HF  signal  location  scenario  for 
the  next  decade  is  one  in  which  high 
interest  regions  will  change  as  new  crises 
arise.  The  areas  where  signals  of  interest 
(SOI)  will  originate  will  be  smaller  so 
signal  search  can  be  more  focussed.  A  key 
element  in  future  direction  finding  is 
expressed  by  the  term  "rapid  deployment." 
smaller,  tactical  systems  that  are  easily 
transportable  will  replace  the  large  shore- 
based  direction  finding  networks. 

Single  Site  Location  (SSL)  technology 
was  first  conceived  in  the  late  1960s. 
However,  its  initial  development  was 
overshadowed  by  the  large  shore-based  and 
smaller  shipboard  netted  systems.  In  those 
systems,  signals  were  located  by 
triangulation  using  multiple  lines  of 
bearing.  But  recent  events  have  revealed 
that  the  present  netted-sensor  concept  lacks 
mobility  and  flexibility,  both  of  which  are 
noteworthy  attributes  of  SSLs.  In  the  1970s, 
early  testing  burdened  SSL  technology  with 
a  *10%  of  Range"  accuracy  specification. 
And  in  the  early  1980s,  systems  developed 
and  tested  by  the  research  community  were 
lacking  in  performance.  Furthermore,  a  lack 
of  awareness  of  the  real  reasons  for  this 


breakdown  in  SSL  performance  compromised 
their  further  advancement.  Tests  had 
indicated  that  signal  sampling  rates  had  to 
be  higher  and  propagation  effects  had  to 
accounted  for.  Attempts  to  develop  the  next 
generation  system  failed  to  capitalize  on 
history,  and  since  then  SSL  as  been,  in 
general,  ignored  as  a  practical 
radiolocation  technology  by  the  majority  of 
the  HF  surveillance  community. 

Nevertheless,  recent  advancement  of  SSL 
capabilities  has  been  achieved  through 
cooperative  programs  and  in-house  research. 
This  paper  describes  the  results  of  one  such 
exercise  conducted  by  personnel  from  the 
Naval  Command  Control  and  Ocean  Surveillance 
Center  (NCCOSC),  RDT&E  Division  (formerly. 
Naval  Ocean  Systens  Center)  in  San  Diego, 
California  in  1988. 

Transionospheric  refractive  effects 
were  measured  at  30  MHz  by  comparing  the 
direct  elevation  angle  of  arrival  of  signals 
from  an  orbiting  HF  beacon  with  the 
accurately  known  altitude/ location  of  the 
satellite.  The  angle  of  arrival 
measurements  were  made  with  the  single  Site 
Locating  Testbed  at  southwest  Research 
Institute  (SwRI)  in  San  Antonio,  Texas.  The 
transionospheric  work  had  required  upgrades 
and  calibration  of  the  7-channel 
interferometer  which  had  been  originally 
designed  as  an  SSL.  It  was  desired  to 
demonstrate  that  these  modifications  had 
improved  the  SSLs  capabilities  against 
terrestrial  HF  signals  as  well. 

In  April  1989,  the  exercise  described 
here  was  conducted  with  the  SwRI  SSL.  A 
completely  independent  communications 
exercise  was  being  conducted  in  Texas  by 
another  facility  which  provided  numerous, 
different  types  of  signals.  Many  signals  of 
opportunity  offered  a  good  chance  to 
evaluate  the  performance  of  a  modern  single 
site  locator  in  a  non-cooperative  signal 
environment.  Modulation  types  were  a  mix  of 
older,  more  familiar  modes  and  newer  modern 
digital  schemes.  This  also  provided  the 
first  opportunity  to  make  SSL  measurements 
of  digital  burst  and  packets  signals.  The 
data  were  considered  non-cooperative  in  that 
the  locations  of  the  SOIs  were  not  known  in 
advance  of  the  measurement  period.  Also 
their  transmission  schedules  were  not  known. 


II.  DESCRIPTION  OF  THE  SINGLE  SITE  LOCATING 
TESTBED 

Radiolocation  with  a  single  station 
location  system  includes  an  azimuth 
measurement  on  the  target's  signal  and  an 
estimate  of  the  target's  great  circle  range 
based  on  ionospheric  parameters  measured  at 
the  SSL  site.  The  system  combines  azimuth 
and  range  to  the  target  to  produce  the 
targets  location.  This  is  also  expressed  in 
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the  corresponding  geographic  coordinates  as 
illustrated  in  figure  1. 

Figure  2  illustrates  the  essential 
concept  of  SSL  system  operation.  An  HF 
radio  wave  transmitted  from  a  target 
transmitter  reflects  from  one  or  more 
reflecting  regions  in  the  ionosphere.  The 
radiowave  propagated  by  each  mode  arrives 
at  the  SSL  site  with  a  given  bearing  and 
angle  of  elevation.  A  radio  direction 
finder  measures  the  azimuth  and  elevation 
of  the  arriving  signal. 

The  SSL  system  includes  an  ionospheric 
sounder  which  measures  the  virtual  height 
of  the  ionospheric  reflecting  region.  The 
reflection  height  measured  at  the  SSLs 
location  is  assumed  to  be  the  same  as  at  the 
reflection  midpoint.  As  shown  in  figure  2, 
the  triangle  from  the  SSL  site  through  the 
ionospheric  midpoint  and  down  to  the  target 
transmitter  provides  a  location  estimate. 
This  calculation  generates  a  range  estimate 
(in  kilometers)  and  combines  it  with  the 
observed  azimuth  bearing.  The  SSL  system 
output  is  thus  an  estimate  of  the  location 
of  the  target  producing  the  signal  expressed 
in  geographical  coordinates.  This  is  in 
contrast  to  a  conventional  direction  finder 
which  provides  only  an  azimuthal  line  of 
bearing  to  the  target  signal. 

The  range  calculation  uses  the  measured 
elevation  and  virtual  height  of  the 
ionosphere,  along  with  the  law  of  cosines, 
to  determine  the  angle  at  the  center  of  the 
earth  from  the  midpoint  (half  range)  to  the 
SSL  system.  This  angle,  when  multiplied  by 
twice  the  earch  radius,  gives  the  great 
circle  range  from  the  SSL  site  to  the 
target. 

Figure  3  shows  the  fundamental  system 
components  of  the  SwRI  SSL  system  used  for 
the  tests  described  in  this  report.  The 
computer  interfaces  both  to  the  phase¬ 
measuring  interferometric  direction  finder 
and  to  the  ionospheric  sounder.  The  antenna 
system  has  two  parts,  a  low  band  array  (3- 
10MHz)  which  is  150  meters  on  a  leg  and  a 
high  band  array  (10-30  MHz)  which  is  50 
meters  on  a  leg.  Both  arrays  are  in  an  "L" 
configuration  using  seven  crossed  loop 
elements.  The  azimuth  and  elevation  angles 
of  an  incoming  HF  signal  were  calculated 
using  a  phase  linear  concept.  SwRI  refers 
to  this  concept  as  a  coincidence  direction 
finding  interferometer.  In  this  type  of 
system,  the  phase  linearity  is  tested  on 
the  resolved  long  baseline  phase  for  each 
leg  of  the  SSL  antenna  array.  If  the 
differences  between  the  predicted  and 
measured  value  on  both  baselines  are  less 
than  some  preset  value,  then  the  data  frame 
becomes  a  coincidence  frame,  one  in  which 
the  array  ha3  resolved  the  angle  of  arrival 
(AOA)  of  the  signal. 

In  single  site  locating,  operator 
functions  were  to  search  and  identify  a 
signal  of  interest,  optimize  receiver 
tuning,  and  start  and  terminate  the 
direction  finding  process.  Automatic 
functions  of  the  system  include  computing 
the  target  azimuth  and  elevation  angles  of 
arrival,  measuring  the  ionospheric  height, 
generating  an  elevation  angle/range 
transmission  curve  and  computing  the  best 


point  estimate  (BPE)  of  the  target  location. 
Figure  4  shows  the  operator  display  on  the 
present  SSL  Testbed.  Once  the  operator  has 
selected  a  SOI,  he  presses  the  "execute” 
button  initiating  the  scanning  process  on 
the  array.  The  azimuth  and  elevation  are 
displayed  for  every  frame  that  passes  the 
phase  linearity  test.  When  the  operator 
decides  there  are  sufficient  data  to 
calculate  a  fix,  the  computer  is  switched 
to  the  "location"  mode.  Then  the  elevation 
cursor  is  placed  on  the  range  transmission 
curve  to  achieve  a  "range"  solution.  The 
azimuth  angle  of  arrival  calculation  is 
automatic  and  requires  no  operator 
intervention.  After  completing  the 
calculation  of  the  range  and  azimuth  angle, 
the  computer  generates  the  target's 
geographical  coordinates.  There  is  no  way 
for  the  system  to  distinguish  between  a  one- 
and  a  two-hop  signal.  Therefore  the  system 
generates  both  solutions,  leaving  the 
decision  up  to  the  operator. 

In  the  past,  there  have  been  three 
issues  which  have  a  significant  impact  on 
the  accuracy  of  an  SSL.  These  are  (1)  the 
assumptions  made  in  the  BPE  calculation;  (2) 
the  assumption  that  the  signal  propagates 
along  the  great  circle  path  at  short  ranges ; 
and  (3)  the  interval  at  which  the 
ionospheric  data  needs  to  be  updated. 

The  assumptions  made  in  the  BPE 
calculation  lead  to  three  weaknesses.  The 
assumptions  are:(l)  that  the  operator  will 
place  the  elevation  cursor  on  the  correct 
elevation  angle  and  will  do  so  "properly"; 
(2)  that  the  transmission  curve  calculation, 
generated  from  the  vertical  ionograms,  is 
correct  and  current;  and  (3)  that  the 
ionospheric  height  at  the  path  midpoint  is 
approximately  the  same  one  measured  locally. 

Hear  vertical  incidence  propagation, 
refers  to  skywave  propagation  between  100 
and  500  kilometers.  It  has  long  been  thought 
that  near  vertical  incidence  signals  inside 
100  kilometers  will  not  produce  reliable  AOA 
information.  A  primary  assumption  in  SSL  is 
that  the  ionospheric  reflection  point  is 
along  the  great  circle  path  at  the  midpoint. 
Experimental  evidence  (Paul,  1985) indicates 
that  the  skywave  reflection  point  wanders 
from  several  kilometers  to  tens  of 
kilometers  from  the  great  circle  path.  For 
ranges  greater  than  500  kilometers,  this 
represents  a  negligible  error  whereas  inside 
500  kilometers  errors  are  significant  and 
inside  lot  kilometers  they  are  intolerable. 
Also  for  ranges  of  less  than  100  kilometers 
where  the  elevation  angles  are  greater  than 
82  degrees,  the  arctangent  function  for  the 
angle  of  arrival  equations  becomes  very 
unstable.  While  it  is  recognized  that  tilt 
correction  techniques  exist,  they  have  yet 
to  be  fully  demonstrated  in  a  realistic 
operating  environment. 


The  ionospheric  profile  has  to  be 
updated  at  a  rate  which  will  maintain 
acceptable  SSL  accuracy  because  the  maximum 
correlation  time  between  ionospheric 
measurements  is  5  minutes  (Rose,  1988) .  One 
objective  of  this  experiment  was  to  see 
whether  increasing  the  number  of  ionospheric 
measurements  over  a  given  period  of  time  had 
any  impact  on  the  accuracy  of  the  fix. 
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III.  DESCRIPTION  OP  THE  FIELD  TEST  DATA 
COLLECTION 

Data  collection  for  this  test  occurred 
between  20  and  25  April  1989.  During  this 
period,  solar  conditions  were  relatively 
undisturbed.  The  10.7  cm  flux  varied  between 
173  and  198.  The  nagnetic  A-index  was  low, 
ranging  from  8  to  14.  At  midday,  the  F- 
region  critical  frequencies  were  exceeding 
15  MHz  which  means  that  the  3000  km  maximum 
usable  frequency  exceeded  50  MHz.  Generally 
propagation  conditions  were  excellent. 

The  frequencies  used  were  known  before 
hand.  The  operating  schedule  and  the  mode 
of  transmission  were  unknown.  Thus, 
scanning  the  allocated  frequencies  was 
required  to  locate  the  signals  which  were 
part  of  the  experiment.  Ground  truth 
location  data  could  be  obtained  after  the 
fact.  While  this  approach  may  appear  rather 
"hit  or  miss,"  only  a  day  of  monitoring  was 
required  to  establish  the  frequencies  used 
and  the  general  locations  of  all  the 
participants  in  the  experiment. 

The  five  day  collection  period  produced 
locations  for  142  signals.  After  finding  a 
SOI,  the  system  was  activated.  Throughout 
the  test  period,  the  ionosphere  was  measured 
and  data  processed  automatically  and  stored 
in  the  computer  data  files.  A  key  issue 
was  the  speed  with  which  the  SSL  could 
acquire  a  signal,  gather  data  and  generate 
a  fix.  After  learning  the  mechanics  of  the 
testbed,  the  entire  process  could  be 
accomplished  in  a  matter  of  seconds.  At  no 
time  were  there  more  signals  than  the 
testbed  could  prosecute,  and  all  signals 
prosecuted  produced  a  fix.  All  of  the  data 
collected  were  reported.  The  SSL  testbed  was 
never  stressed  by  saturation.  In  fact  a 
major  concern  was  the  relative  lack  of 
signals  to  prosecute.  An  entry  for  the 
signal  call  sign,  event  number  and  signal 
characteristics  for  each  signal  prosecuted 
were  manually  entered  in  the  operator  log. 
When  the  computer  provided  the  BPE  for  the 
event,  the  hardcopy  output  was  also  taped 
in  the  log  as  was  all  the  related  data  for 
each  event.  These  data  were  then  used  to 
reconstruct  skywave  propagation  conditions 
that  could  influence  SSL  accuracy. 

After  the  field  test,  "ground  truth" 
data  were  obtained  on  the  locations  of  the 
mobile  and  fixed  emitters.  With  these  data, 
and  the  information  in  the  operator's  log, 
casecards  were  constructed  for  each  of  the 
142  fixes.  The  casecard  software,  written 
during  the  1986  experiments,  allows  the  user 
to  determine  the  accuracy  of  the  SSL  fix 
product.  For  this  exercise,  the  casecard 
data  were  entered  into  Lotus  123 
spreadsheets  for  analysis.  The  next  section 
presents  results  from  these  analyses. 


IV.  PRESENTATION  OF  TBE  DATA 

The  experiment  produced  142  location 
fixes  on  signals  that  varied  in  range  from 
95  kilometers  to  528  kilometers.  Before  this 
exercise  there  was  very  little  quantitative 
data  on  SSL  performance  on  short  path  (under 
500  Km)  skywave  signals.  The  experiment 
encountered  five  different  modulation  types: 


(1)  Foui  Second  Digital  Burst  -  40  fixes 

(2)  Digital  Packet  (encrypted)  -  29  fixes 

(3)  Upper  Sideband  (USB)  Voice  -  24  fixes 

(4)  Amplitude  Modulation  Voice  -  28  fixes 

(5)  Morse  (18  groups/minute)  -  21  fixes 

In  addition  to  SSL  accuracy,  other 
issues  to  be  studied  during  this  exercise, 
were  operator  experience,  display 
interpretation  and  the  user  interface.  The 
operator  had  a  broad  experience  is  SSL 
development,  direction  finder  operation  and 
HF  propagation  and  modeling.  The  accuracy 
of  the  present  SSL  concept  relies  heavily 
on  operator  judgement  and  his  understanding 
of  what  is  being  displayed.  It  was  desired 
to  gain  enough  experience  with  these  issues 
in  mind  to  develop  expert  systems  to 
automate  some  of  these  processes  in  the 
future. 

An  early  observation  in  this  experiment 
was  that  each  signal  modulation  type 
produces  very  different  data  clustering  on 
the  operator  display.  This  in  turn  affects 
the  difficulty  in  placing  the  range  cursor 
and  the  accuracy  of  the  location  estimate. 
Figure  5  shows  examples  of  four  of  the 
modulations  encountered  and  the  type  of 
presentation  the  operator  had  to  contend 
with. 

The  encrypted  digital  packet  signals 
were  very  easy  to  find,  even  in  a  high 
interference  environment.  These  signals  were 
also  easy  to  fix  and  produced  a  very  high 
phase  linear  ratio.  However,  they  all  came 
from  a  single  location  95  kilometers  away 
and  the  short  range  caused  severe  azimuth 
spreading.  This  badly  corrupted  the  results 
from  this  one  site. 

By  far  the  most  difficult  conventional 
narrowband  signal  to  prosecute  with  the 
present  system  is  single  sideband, 
suppressed  carrier  (SSBSC)  voice.  Because 
the  received  power  varies  as  a  function  of 
the  speech  envelope,  the  signal  presents  a 
variable  signal  to  noise,  to  which  the 
system  must  constantly  be  adgusting.  Very 
low  (below  20t)  phase  linear  ratios  are 
quite  common  with  this  mode  of  transmission. 
For  this  reason,  SSB  signals  normally 
require  30-60  seconds  of  collection  time  to 
acquire  a  sufficient  sample  to  process.  It 
is  very  frustrating  for  a  SSL  operator  to 
listen  to  a  signal  that  is  very  loud  and 
very  easy  copy  to  the  ear  and  yet  see  the 
phase  linear  sample  count  not  increasing. 
This  could  be  rectified  with  more 
sophisticated  processing  in  the  next 
generation  system.  The  example  in  figure 
5  shows  an  unusually  good  example  of  upper 
sideband  (USB)  voice  as  it  appeared  to  the 
SSL  operator.  Normally  the  displays  were 
much  sparsei . 

Amplitude  Modulation  (AM)  voice  signals 
provide  a  continuous  carrier  which  provides 
in  a  stable  signal  to  noise  ratio  and 
therefore  is  a  relatively  easy  signal  for 
the  SSL  to  prosecute.  Normally,  10  seconds 
will  provide  a  phase  linear  sample 
sufficient  to  locate  the  signal.  Figure  5 
illustrates  how  the  AM  signal  appears  on  the 
SSL  display.  In  this  example  it  took  10 
seconds  to  acquire  487  samples. 

Figure  5  also  shows  how  on-off  keyed 
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Horse  signals  appeared  to  the  SSL  test  bed. 
In  the  example  shown  it  took  90  seconds  to 
acquire  approximately  2000  samples.  At 
reasonable  on-off  keying  speeds (i.e. 15-25 
code  groups  per  minute) ,  this  mode  of 
transmission  presents  a  very  stable  signal 
to  noise  making  it  one  of  the  easiest 
signals  to  locate.  Experience  has  shown 
that  any  part  of  a  morse  transmission 
produces  a  usable  location  product.  In  most 
cases  the  accuracy  of  the  3  second  fix  was 
the  same  as  the  90  second  fix.  It  was 
possible  to  get  good  fixes  on  single  dots 
or  dashes. 

Table  1  summarizes  the  SSL  performance 
by  modulation  type.  One  commonly  used 
measure  of  SSL  performance  is  the  miss 
distance,  the  distance  between  the  BPE  and 
the  true  location  of  the  target.  This  can 
be  expressed  in  linear  distance  (kilometers 
in  this  case)  or  as  a  percentage  of  the  true 
range  between  the  SSL  and  the  target.  In 
this  latter  case,  the  performance  measure 
normalizes  out  the  differences  in  baseline 
ranges.  Review  of  all  of  the  fix  data 
indicates  that  26  (18%)  of  the  fixes  had 
miss  distances  of  less  than  10  kilometers, 
78  (52%)  had  miss  distances  of  less  than  20 
kilometers  and  106(75%)  had  miss  distances 
of  less  than  30  kilometers.  This  is  quite 
good  considering  the  short  ranges  of  the 
data  used  for  this  study. 

Figure  6  shows  how  location  azimuthal 
accuracy  degrades  as  range  decreases.  A 
signal  from  423  kilometers  presents  an 
azimuthal  dispersion  of  approximately  6 
degrees  whereas  a  signal  from  160  kilometers 
is  spread  o/er  30  degrees.  The  longer  range 
produced  e  better  location  fix,  one  with  a 
lower  variance.  On  the  other  hand,  the  very 
short  range  produced  a  location  fix  with  a 
very  high  variance  which  can  be  interpreted 
as  very  low  confidence  in  the  result. 

V.  DISCU88ION 

The  exercise  described  in  this  report 
provided  new  insight  on  two  digital  signals, 
the  short  burst  and  the  packet,  that  had 
never  been  prosecuted  before  with  this  SSL 
and  short  baseline  ranges  of  between 
approximately  100  and  500  kilometers.  The 
measurements  resembled  a  tactical  situation 
against  uncooperative  signals  whose  location 
was  unknown  at  the  time.  While  the  upgraded 
seven  channel  interferometer  samples  signals 
and  makes  an  AOA  measurement  very  rapidly, 
the  U3er  interface  was  not  modernized  and 
presented  a  less  than  optimum  situation. 
Although  the  operator  for  this  test  had 
extensive  experience  in  the  areas  of  HF 
direction  finding.  SSL  development  and  HF 


propagation,  interpretation  of  the  display 
was  still  often  complicated.  Therefore  the 
performance  results,  while  considered  good, 
can  be  improved. 

The  four  second  digital  burst 
communication  mode  provides  the 
interferometer  with  an  optimum  signal.  This 
mode  is  extremely  easy  to  prosecute  and,  at 
ranges  of  greater  than  300  kilometers,  it 
is  easily  located.  As  the  range  decreases 
below  300  kilometers,  that  accuracy  of  SSL 
fixes  degrades.  Indeed,  at  these  the  shorter 
ranges  (<300  km) ,3uch  signals  are  actually 
harder  to  locate  accurately  than  signals 
with  a  higher  duty  cycle.  Because  of  their 
short  duration,  the  AOA  from  a  burst  signal 
is  vulnerable  to  any  shifts  in  the 
reflection  point  from  great  circle.  The 
result  presents  the  user  with  an  easily 
heard  and  usually  loud  signal,  as  well  as 
optimum  azimuth  and  elevation  displays  with 
very  small  standard  deviations  and  a 
definite,  but  wrong  location  solution. 

During  the  experiment,  the  time  between 
ionospheric  soundings  was  varied.  At  the 
times  of  the  day  when  the  sun  was  low  in  the 
sky,  updates  were  needed  every  10  minutes 
to  keep  fix  accuracies  between  5%  and  10% 
of  range.  During  midday  and  at  night, 
sounding  every  fifteen  minutes  was 
sufficient.  When  the  ionospheric  data  were 
updated  hourly,  the  performance  degraded  to 
10%  to  15%  of  range.  Historically,  hourly 
u.dates  have  been  the  norm. 

VI.  CONCLUSIONS 

Single  site  radiolocation  at  HF  is  a 
good  technology  for  3ignal  sources  located 
between  100  to  1500  kilometers.  Future 
conflicts  will  require  a  quickly  deployable 
intelligence  gathering  system  in  which 
radiolocation  is  an  important  function.  SSL 
can  do  this.  Over  the  last  several  years, 
the  new  improvements  in  various  components 
in  this  technology  have  been  demonstrated 
by  one  means  or  another.  It  is  now  time  to 
design  a  well  thought  out  system  that  takes 
advantage  of  the  latest  advances  in  computer 
systems,  intelligent  user  interfaces  using 
expert  systems  and  modern  ionospheric 
sensing. 

The  data  reviewed  indicate  that  the 
performance  of  the  SSL  is  influenced  by  the 
transmission  mode.  The  mean  miss  distances 
varied  from  12  kilometers  to  40  kilometers 
which  represents  a  variation  between  6.0% 
and  ll.o  %  of  range.  It  is  estimated  that 
a  next  generation  SSL  can  achieve  5.0%  of 
range  accuracies  if  the  user  interface  and 
the  vertical  sounder  are  modernized  and 


Table  1.  Summary  of  SSL  Accuracy  Performance 


Modulation 

Mean  Miss 
Distance 
(Km) 

Mean  Miss 
Distance 
(%  of  Range) 

Mean 
Azimuth 
Error  (Deg) 

Burst 

22.3 

6.0 

1.1 

Packet 

12.5 

8.3 

-0.3 

USB  Voice 

40.5 

11.0 

1.1 

AM  Voice 

24.0 

7.7 

-1.3 

Morse 

23.4 

7.4 

-1.8 
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made  surtcr.  it  oust  incorporate  more 
collateral  information  about  the  intended 
targets.  Finally,  the  next  generation  system 
needs  some  sort  of  propagation  mode 
identification. 

The  experimental  data  presented  in  this 
report  provides  a  glimpse  of  how  good  single 
site  locating  can  be  today  and  also, 
provides  direction  for  improvement.  An 
earlier  HF  radiolocation  experiment 
established  that  the  baseline  accuracy  of 
the  SwRI  seven  channel  interferometer 
testbed  is  1.01  of  range  without  the  errors 
induced  by  the  ionosphere.  This  is  likely 
to  be  close  to  the  physical  limit  of  a  SSL 
when  it  is  prosecuting  terrestrial  targets 
since  the  earlier  measurements  were  made 
just  before  sunrise  when  the  ionospheric 
electron  density  is  at  its  minimum. 

The  requirement  of  high  quality  real  time 
vertical  sounding  data  for  the  range 
solution  is  critical  to  the  SSL  process. 
This  experiment  confirmed  earlier  work  that 
the  performance  of  the  system  is  heavily 
dependent  upon  (1)  the  experience  of  the 
operator  and  (2)  the  use  and  interpretation 
of  the  user  interface.  SSL  performance  has 
been  in  the  past  and  remains  today  very 
"user  intensive."  The  next  generation  SSL 
should  have  an  "intelligent"  user  interface 
to  assist  in  the  data  interpretation  and 
decision  making. 
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The  ionospheric  sounding  process  needs 
the  following  improvements:  (1)  ionospheric 
sensing  should  be  sped  up,  updating  the 
ionogram  every  two  minutes.  Experimental 
evidence  indicated  that  the  ionosphere  is 
more  variable  than  current  models  show;  (2) 
the  transmitted  signal  use  spread  spectrum 
techniques  to  reduce  interference;  (3)  the 
ionogram  interpretation  and  range/elevation 
angle  transmission  curve  needs  to  be 
modernized  through  the  use  of  an  expert 
interpreter  system;  (4)  the  sounder 
operation  and  interpretation  must  be 
transparent  to  the  user. 
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Figure  (.  Comparison  Between  a  vary  abort  and  Medium  Range  SSL 
Fix.  Modulation  Mode  is  a  Four  aeeond  Digital  Burst. 
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DISCUSSION 


H.  SOICHER 

Since  ionospheric  conditions  are  updated  by  a  vertical  sounder,  what  assumptions  do  you  make  about  horizontal  variations  of  the 
ionosphere? 

AUTHOR’S  REPLY 

It  is  assumed,  based  on  work  by  Charles  Rush,  that  the  correlation  distance  of  an  iooosonde  measurement  it  roughly  500  km  which 
practically  limits  it  to  tactical  targets  with  ranges  of  less  than  1000  km.  For  the  text  conducted,  the  target  ranges  wen  between  100 
and  500  km,  or  ionospheric  reflection  points  between  SO  and  250  km.  At  these  ranges,  I  was  very  comfortable  using  a  local 
measurement 

G.HAGN 

Your  data  (e.g„  Figure  6)  illustrate  the  problem  of  obtaining  good  range  estimates  with  the  tingle  site  location  (SSL)  method  with 
the  interferometer  technique  on  short  paths.  You  mentioned  that  this  method  is  not  practical  for  ranges  less  than  100  km  without 
employing  a  tilt  correction.  Even  with  a  tilt  correction,  there  may  be  limitations  at  short  ranges.  The  MUSIC  algorithm,  when  used 
with  suitable  antennas  (e.g„  the  CART  antenna  described  in  the  Proceedings  of  the  1990  Tactical  Communications  Conference,  Fort 
Wayne,  IN)  can  be  used  to  estimate  the  angle  of  arrival  (AOA  in  azimuth  and  elevation).  Of  course,  it  is  still  necessary  to  have 
good  data  on  the  ionosphere  and  a  good  ray  tracing  model  to  invert  these  AOA  data  to  estimates  of  emitter  location.  It  would  be 
interesting  to  test  the  MUSIC  approach  on  short  paths  (in  the  steep  part  of  the  Ross  curve)  versus  the  interferometer  method  with  tilt 
correction. 

AUTHOR’S  REPLY 

While  what  you  say  might  be  true,  I  am  skeptical  about  using  the  MUSIC  algorithm  in  this  manner.  I  have  observed  the  application 
of  MUSIC  in  many  applications  over  the  last  decade,  and  those  I  have  observed  have  not  resulted  in  a  practical,  "real  world" 
solution.  I  should  say,  I  have  yet  to  be  convinced  that  dynamic  tilt  correction  inside  100  km  is  practical.  I  have  read  most  of 
McNamara’s  and  Georges’  papers  on  the  subject.  Translating  these  ideas  into  a  practical,  useable  system  is  still  developmental  and 
not  a  proven  fact  I  think  the  work  done  so  far  shows  we  have  a  "real"  SSL  capability  at  tactical  ranges  of  1000-100  km.  To 
attempt  to  do  accurate  skywavc  DF  inside  100  km  (over  land)  may  not  merit  the  added  complication. 

S.  TOWNES 

How  well  did  you  know  the  antenna  calibration  and  in  an  operational  system  how  effective  is  the  calibration? 

AUTHOR’S  REPLY 

The  SWRI  interferometer  antenna  system  was  very  tightly  calibrated  using  a  helicopter  point  source.  We  know  the  patterns  very 
well.  In  developing  the  calibration,  experience  was  gained  in  learning  how  the  antenna  patterns  degrade  in  field  operation.  If  the 
field  interferometer  is  set  up  to  specification  and  the  heights  of  each  element  are  accurately  known,  the  antenna  degradation  ought 
not  be  more  than  5%. 

LEROUX 

Quel  est  l’intfret  du  r&ean  de  monopoles?  Comment  traitez-vous  les  multuebonds? 

What  is  the  benefit  of  a  monopole  array?  How  do  you  deal  with  multiple  hops? 

AUTHOR’S  REPLY 

The  monopole  provides  uniformity  in  the  antenna  pattern.  As  with  any  SSL,  one  must  assume  single-hop  propagation. 

J.  BELROSE 

Would  you  comment  on  how  to  make  a  covert  vertical  incidence  sounder? 

AUTHOR’S  REPLY 

Actually,  there  are  two  methods.  First,  it  is  easy  to  modify  the  frequency  synthesizer  to  follow  a  pseudo-random  hopping  sequence. 
Instead  of  a  linear  sweep,  the  sounder  hops  until  the  ionogram  is  constructed.  We  have  tried  this  and  it  works.  Second,  we  are 
testing  40  kHz  spread-spectrum  signals  which  are  undetectable.  There  is  no  reason  this  couldn't  be  swept  in  frequency  to  measure 
ionospheric  height 
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SUMMARY 

This  paper  considers  the  problem  of  passive  radiolo¬ 
cation  for  the  case  of  HF  multipath  propagation.  A 
new  technique  is  developed  for  the  estimation  of  inter¬ 
path  time  delay  applying  an  eigen  based  super- 
resolution  spectral  estimation  method.  The  technique 
samples  the  wavefield  received  by  two  spatially  sep¬ 
arated  antennas  to  compute  intersensor  delay  time  for 
each  constituent  signal  through  a  normalized  eigen 
cepstral  analysis.  The  intersensor  delays  and  inter¬ 
path  delay  are  used  in  concert  to  estimate  the  location 
of  the  transmitter.  The  method  is  applied  to  experi¬ 
mental  data  in  a  preliminary  proof-of-concept  analy¬ 
sis. 

1.  INTRODUCTION 

In  this  paper  we  consider  the  problem  of  locating  a 
radio  transmitter  through  measurements  made  from 
the  wavefield  received  at  a  single  site.  The  technique 
used  to  solve  this  problem  is  generally  referred  to 
as  single  site  radiolocation  (SSL)  [1-4],  Although  this 
is  an  area  of  active  research  in  several  disciplines, 
we  consider  mainly  HF  (3  -  30  Mhz)  communications 
and  ionospheric  propagation.  The  conventional 
approach  in  the  SSL  process  is  to  estimate  the  angle- 
of-arrival  (AOA)  of  the  radio  signal  at  one  receiving 
site,  the  AOA  being  characterized  by  azimuth  and 
elevation.  Next  one  estimates  the  height  of  the  iono¬ 
spheric  reflecting  layer,  typically  accomplished  by  a 
vertical  or  oblique  incidence  sounding.  Ground  range 
to  the  transmitter  is  computed  using  the  estimated 
elevation  AOA  and  ionospheric  height  Transmitter 
location  is  determined  from  the  estimated  azimuth 
AOA  and  ground  range. 

In  contrast  to  the  conventional  SSL  technique  de¬ 
scribed  above,  multipath  propagation  through  die  ion¬ 
osphere  can  be  exploited  to  accomplish  passive 
radiolocation  without  requiring  height  data  from  a 
sounder.  The  essential  approach  in  passive  location 
is  to  sample  the  received  signal  and  to  estimate  the 
interpath  delay  time.  There  are  three  published  works 
which  are  of  special  relevance  to  the  approach  we 
develop  in  this  paper.  The  first  work  is  that  of  Carter, 
et.  al.  [5]  and  their  description  of  the  smoothed  coher¬ 
ence  transform  (SCOT).  The  SCOT  was  developed 


to  estimate  time  delays  between  weak  broadband  cor¬ 
related  noise  received  at  two  sensors.  The  technique 
first  computes  the  complex  coherence  fur.  -non  be¬ 
tween  the  two  sensor  outputs  and  then  applies  the  fast 
Fourier  transform  (FFT)  to  compute  the  inverse  dis¬ 
crete  Fourier  transform  of  the  estimated  coherence. 
The  result  is  a  sharp  peak  indicating  the  time  delay 
between  common  processes  contained  in  the  two  sen¬ 
sor  outputs.  A  second  work  which  particularly  relates 
to  our  approach  is  the  use  of  intetpath  delay  time  to 
compute  ground  range  as  described  by  Gething  [1]. 
The  technique  uses  the  differential  group  delay  of  two 
ionospheric  propagation  paths  and  the  corresponding 
elevation  AOA's  to  compute  range.  The  approach  is 
an  application  of  Breit  and  Tuve’s  tht  Diem  [6]  for  a 
thin  layer  ionospheric  model.  The  thi.ti  work  is  the 
location  performance  analysis  done  ty  Rendas  and 
Moura  17).  They  consider  the  general  problem  of 
passive  location  using  intersensor  and  interpath  delays 
and  derive  the  Cramer-Rao  bound  for  the  errors  in 
the  location  estimate. 

In  this  work  we  propose  a  new  approach  to  the  passive 
SSL  problem  which  is  a  merger  of  the  complex 
cepstrum  and  superresolution  techniques.  The 
conventional  procedure  used  to  compute  the  complex 
cepstrum  is  to  perform  an  FFT  on  a  time  series  which 
contains  one  or  more  echos.  A  complex  logarithm 
is  taken  of  the  result  to  "whiten"  the  data,  and  an 
inverse  FFT  is  computed  to  estimate  the  echo  delay 
times.  Our  approach  differs  from  the  conventional 
technique  in  several  respects.  Similar  to  the  approach 
described  by  Carter,  et.al.  [5],  we  consider  two  spa¬ 
tially  separated  time  series  and  compute  a  normalized 
cross  power  spectrum  (or  complex  coherence  func¬ 
tion)  to  remove  modulation  effects.  The  cross  power 
spectrum  is  parametric  in  delay  time  between  sensors 
for  each  signal  and  also  the  differential  path  delay 
time  from  the  transmitter.  To  determine  the  inter- 
sensor  and  interpath  delay  times,  we  do  not  take  the 
logarithm  but  rather  compute  a  spectral  cross  corre¬ 
lation  matrix  and  apply  the  MUSIC  [8]  spectral 
estimation  technique.  We  describe  this  process  as  the 
normalized  MUSIC  cepstrum.  The  location  of  the 
transmitter  is  estimated  by  applying  Breit  and  Tuve’s 
theorem  to  the  intersensor  and  interpath  delay  data. 
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2.  NORMALIZED  MUSIC  CEPSTRUM 

Consider  a  transmitted  signal  propagating  via  a 
groundwave  and  an  ionospherically  reflected  skywave 
which  is  received  by  two  antennas.  (Although  the 
multipath  geometry  is  completely  arbitrary,  we  have 
chosen  a  groundwave/skywave  combination  for 
illustration.)  We  characterize  the  transmitted  signal  as 
s(t)  and  denote  the  differential  group  delay  time  for 
the  signal  to  propagate  via  the  two  paths  as  tm.  Also 
we  characterize  the  propagation  delay  between  the  an¬ 
tennas  in  the  receiving  array  as  for  the  groundwave 
and  xs  for  the  skywave.  The  signal  received  at  each 
antenna  may  be  expressed  as 

x\(t)=AgS(t)  +  Ass(t-xm)  (la) 


X2(t)  =  Ags(t  -  xg)  +  Aji(r  -  x,  -  xm)  (ib) 

where  Ag  denotes  the  group  path  attenuation  for  the 
groundwave,  and  As  the  attenuation  for  the  skywave 
path.  If  F(<o)  denotes  the  Fourier  transform  of  i(r), 
then  the  Fourier  transform  of  jct(f)  and  x 2(f)  may  be 
represented  as 

Fl((0)  =  [Ag-t-Ase-^»l  f(oi)  (2a) 
£2(OJ)  =  [  Agz~imS  +  +  ,m)  ] '  F(<0)  (2b) 


The  normalized  cross  power  spectrum  between  re¬ 
ceiving  antennas  is  given  by 


c  Fi«o)  f2(a) 

12  Vlfi(03)l2IF2(w)l2 


(3) 


The  normalization  is  applied  to  reduce  the  effects  of 
signal  modulation.  To  express  the  normalized  cross 
power  spectrum  in  polar  form,  we  simplify  the  nota¬ 
tion  by  defining  Aj  and  A2  as, 

Ai=Ag  +  Afi~Jmm  (4a) 

A2  =  AgC~img  +  Astrja*-Xs +  t>»)  (4b) 

The  normalized  cross  power  spectrum  may  alternately 
be  expressed  as 

-..in)  (5J) 

VlAtAt  |F(0))I  )  ■  (A2A2  lf(0))l  I 


5l2(co)  =  Arg(AiA2)=o^(£0)  (5b) 


As  a  result  of  the  normalization  process,  the  cross 
power  spectrum  has  unity  magnitude  and  is  charac¬ 
terized  by  a  complex  argument  which  has  a  period¬ 
icity  determined  by  the  intersensor  delays  and  the 
interpath  delay.  The  amplitude  of  the  periodicity  is  a 
function  of  the  relative  amplitudes  of  the  two  prop¬ 
agation  paths.  To  estimate  the  intersensor  and  inter¬ 
path  delay  times,  one  must  accomplish  a  spectral 
decomposition  of  the  cross  power  spectrum,  and  to 
do  this,  we  apply  the  MUSIC  superresolution  tech¬ 
nique.  The  MUSIC  method  is  employed  because  the 
signals  of  interest  are  generally  contained  in  a  narrow 
bandwidth,  and  as  a  consequence,  the  number  of  pe¬ 
riods  which  we  may  observe  is  usually  restricted. 
Also  the  estimate  of  cross  power  spectrum  is  gener¬ 
ally  contaminated  by  noise  and  may  be  expressed  as 

Sl2(a))  =  e'^“)  +  N(co)  (6) 

where  N(tn)  may  be  a  complex  expression  involving 
(signal  x  noise)  and  (noise  x  noise)  terms.  In  this 
development,  we  consider  the  case  of  additive  white 
Gaussian  noise  which  is  uncorrelated  with  the  signal 
components. 

Consider  the  situation  in  which  the  time  series  at  each 
antenna  is  sampled  and  an  FFT  is  computed  for  each 
antenna  output.  For  each  frequency  bin  which  con¬ 
tains  signal  power,  we  compute  a  normalized  cross 
power  spectrum  defined  by  Equation  (6).  If  the  signal 
energy  were  spread  over  M  frequency  bins,  then  the 
result  would  be. 


V#  “!>' 

N<m) 

{,/<Ko>2) 

N(t 02) 

Sl2(®)  = 

+ 

c/Mum) 

N(U3m) 

Using  the  conventional  outer  product  definition,  we 
form  the  spectral  cross  correlation  matrix  as 
C(to)  =  £|Sj2(to)  Sf^(io)J ,  where  £{  )  is  the  statistical 
expectation  and  H  denotes  conjugate  transpose.  The 
elements  of  the  C  matrix  are  given  as 

Cjj  (to)  =  £  { [  + 1V(ci)()J  (e--M“;> + /v*((o;)J !  (*) 

=  ©'W®/)  “  O2  5(0),-  -  C Oj) 

In  order  to  estimate  the  delay  times,  we  perform  a 
spectral  decomposition  of  the  C  matrix  using  the 
MUSIC  superresolution  technique. 


<Kw)  =  tan_1 


Ag  sin  on* + A?  sin  on,  +  2A*A,  cos  ^  (2xm  +  x,  -  xg)  sin  ~  (xg  +  x$) 
Ag  cos  o ng + As  cos  on,  +  2A,A,  cos  j  (2xm  +  t,  -  xs)  cos  j  (xg  +  x,) 


(5c) 
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To  apply  the  MUSIC  algorithm,  we  form  the  spectral 
cross  correlation  matrix  C  and  perform  an  eigen 
decomposition.  The  eigenvalues  are  ordered  in  mono- 
tonically  decreasing  order  as 
The  corresponding  eigenvector  matrix  is  CE  =  [EM 
Ey. i  ...  £j].For  the  case  of  two  coherent  paths,  CE 
will  be  rank  one.  and  will  have  a  nullspace  of  dimen¬ 
sion  M-l.  In  general,  the  rank  of  CE  will  depend 
upon  the  number  of  coherent  path  pairs.  For  one  pair 
of  interfering  paths,  the  nullspace  matrix  is  given  as 
CN=  (£m.[  Em,2  ...  £t],  and  we  compute  the  MUSIC 
spectrum  as, 

P  =  (BHCNcflB)-x  (9) 

where  B  is  the  "steering  vector"  defined  as 


expi/<M<oi)l 
exp  l/<t>(a>2)} 


(10) 


88.3*  Azimuth 


and  the  complex  argument  <tKco,  )  is  given  by  Equation 
(5c).  The  essential  procedure  for  computing  the  delay 
times  is  to  search  for  the  peaks  of  Equation  (9).  If 
we  normalize  the  amplitudes,  the  search  is  through  a 
four  dimensional  space,  namely  AJA,  xg,  tr  and  Tm. 

3.  SEA  PATH  EXPERIMENT 

As  a  preliminary  proof-of-concept  experiment,  an  HF 
transmitter  was  placed  onboard  a  ship  in  the  Gulf  of 
Mexico,  and  a  receiving  site  was  instrumented  on  the 
coastal  barrier  island  near  Port  Aransas,  Texas.  The 
ship  was  deployed  at  a  distance  of  225  Km  and  az¬ 
imuth  of  89.1  degrees  relative  to  the  receiving  site. 
The  receiving  antenna  array  geometry  is  shown  in 
Figure  1.  Four  crossed  loop  antennas  were  located 
at  the  positions  marked  1  through  4,  and  the  diameter 
of  each  loop  was  1.524  m  (60  in).  The  transmitter 
was  operated  at  8.4Mhz  so  that  one  wavelength  was 
35.7  m.  The  direction  of  propagation  was  along  the 
longest  array  dimension  of  150  m  or  4.2X  (antennas 
1-4). 

The  four  baselines  used  to  compute  the  interpath  delay 
time  and  the  intersensor  delay  times  were  the  1-2 
(2.9X),  1-4  (4.2X),  2-3  (1.7X)  and  2-4  (2.5X).  Using 
an  linear  sweep  FM  sounder  on  the  ship,  it  was  de¬ 
termined  that  the  two  propagation  modes  which  ex¬ 
isted  at  8.4  Mhz  were  a  surface  wave  and  an  F-layer 
ionospheric  skywave.  The  signal  transmitted  for  the 
test  was  a  multitone  frequency  shift  keyed  format 
which  filled  the  3Khz  passband  of  the  receivers.  The 
sampling  rate  of  the  analog  signal  was  28.888Khz  so 
that  an  array  snapshot  was  acquired  every  34.616 
psec.  Each  normalized  cross  power  spectrum  was 
computed  using  a  512  point  FFT  from  1024  time  sam¬ 
ples.  An  averaged  spectral  cross  correlation  matrix 


Figure  1 .  Ground  Deployment  of  Receiving 
Antenna  Array  for  Sea  Path  Experiment 

was  estimated  from  ten  consecutive  cross  power  spec¬ 
tra.  Thus,  each  estimate  of  time  delay  and  transmitter 
location  was  based  on  0.354  second  of  signal  obser¬ 
vation  time. 

Histograms  of  the  interpath  delay  estimates  and  of 
the  relative  amplitude  of  surface  wave  to  skywave  are 
shown  in  Figure  2.  Each  of  the  histograms  is  com¬ 
posed  of  64  samples  and  relative  frequency  of  occur¬ 
rence  is  indicated  with  respect  to  the  sample  mean 
value.  The  interpath  delay  histogram  of  Figure  2(a) 
indicates  that  75%  of  the  data  are  contained  within 
±0.125  msec  of  the  sample  mean  of  1.997  msec.  The 
amplitude  histogram  of  Figure  2(b)  shows  that  65% 
of  the  data  are  contained  within  ±0.1  of  the  average 
value  of  1.57.  The  amplitude  ratio  indicates  that  the 
surface  wave  contains  approximately  4  db  more 
power  than  the  skywave. 

In  the  application  of  the  normalized  MUSIC  cepstrum. 
it  became  apparent  that  the  technique  produced  a  peak 
value  for  differential  intersensor  delay  and  did  not 
produce  a  unique  estimate  for  each  intersensor  delay. 
In  particular,  consider  Equation  (4b)  and  the  terms 
involving  xg  and  tj,  which  represent  group  delay  be¬ 
tween  antennas  for  the  groundwave  and  the  skywave, 
respectively.  Factoring  out  a  common  term  relating 
to  xF  we  obtain 

A2=[4g  +  Aie-^  +  T"’>]e-w*  (11) 

where  Ax  =  Tj  -  Ty  For  narrow  bandwidths  and  rel¬ 
atively  short  spacing  between  antennas,  the  term 
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(a)  Scatter  Relative  to  Mean  Valve 
of  1.997  msec 


(b)  Scatter  Relative  to  Mean  Amplitude 
Ratio  of  1.57 


Figure  2.  Histograms  of  Estimated  Interpath 
Delay  and  Amplitude  Ratio 

exp  (—/ort„)  is  essentially  a  constant.  For  this  reason, 
the  normalized  MUSIC  cepstnim  produces  a  sharp 
peak  for  At  and  arbitrary  zg ;  therefore,  in  our  solution 
process,  we  set  xg  =  0  and  estimate  At,  the  differential 
intersensor  delay.  It  is  worthwhile  to  note  that  the 
normalized  MUSIC  cepstrum  would  lead  to  a  unique 
estimate  of  xg  and  xs  for  large  bandwidth  signals,  as 
for  example  spread  spectrum  formats.  In  this  case, 
the  term  exp(-/ti)T  Jwould  exhibit  a  periodicity  which 
could  be  estimated.  An  important  observation  is  that 
the  normalized  MUSIC  cepstrum  appears  to  be  in¬ 
sensitive  to  systematic  phase  offsets  between  receiver 
channels.  The  interpath  delay  and  differential  inter- 
sensor  delays  produce  periodicities  which  may  have 
a  constant  offset  (or  trend),  and  this  does  not  affect 
the  MUSIC  cepstral  estimate. 


Histograms  showing  the  distribution  of  differential 
intersensor  delay  estimates  for  the  four  baselines  are 
plotted  in  Figure  3.  The  baseline  annotations  refer  to 
the  antenna  numbers  indicated  in  Figure  1.  The  least 
robust  scatter  is  exhibited  by  the  histogram  of  Figure 
3(a),  which  represents  data  acquired  on  the  2-3  base¬ 
line  aligned  nearly  broadside  to  the  incident 
wavefield.  Because  die  aperture  is  aligned  with  the 
wave  interference  field,  this  baseline  was  expected  to 
evidence  a  lower  degree  of  statistical  stability.  The 
differential  intersensor  delay  estimates  for  baselines 
1-2  and  2-4,  shown  in  Figures  3(b)  and  3(c),  are 
somewhat  more  robust.  This  was  an  expected  result 
since  the  baselines  are  mote  nearly  directed  along  the 
propagation  path  of  both  signals,  and  as  a  conse¬ 
quence  they  have  a  greater  sampling  aperture  relative 
to  the  wave  interference  field.  The  histograms  shown 
in  Figure  3(a)-3(c)  evidence  a  bimodal  characteristic, 
and  it  is  presently  not  clear  to  us  what  mechanisms 
cause  this  to  occur.  The  most  robust  scatter  of  data 
is  shown  in  Figure  3(d)  for  the  1-4  baseline  which 
was  oriented  along  the  direction  of  propagation  and 
as  a  consequence,  had  greatest  sampling  aperture  rel¬ 
ative  to  the  wave  interference  field. 

The  differential  intersensor  delay  times  and  the  inter¬ 
path  delay  time  can  be  used  in  concert  to  estimate 
the  location  of  the  transmitter.  Since  this  is  being  done 
from  a  single  receiving  site  and  all  the  measurement 
parameters  are  derived  from  the  received  signal,  this 
process  is  referred  to  as  passive  SSL.  A  scatter  plot 
of  location  estimates  is  shown  in  Figure  4.  Each  lo¬ 
cation  estimate  was  based  on  data  acquired  over  an 
interval  of  0.354  second,  and  the  entire  collection  of 
fixes  were  taken  in  contiguous  intervals  over  a  period 
of  5.31  seconds.  The  receiving  site  on  the  Texas  coast 
line  is  shown  by  the  square  and  the  transmitting  site 
in  the  Gulf  of  Mexico  is  shown  by  the  large  "X". 
The  estimated  locations  are  indicated  as  triangles.  The 
scatter  of  estimated  locations  appear  to  evidence  a 
systematic  bias  south  of  the  true  transmitter  position. 

To  quantify  the  bias  in  the  location  estimates,  we 
computed  azimuth  and  range  error  for  each  point 
Histograms  of  azimuth  and  range  error  are  shown  in 
Figure  5.  Each  plot  is  based  on  16  location  estimates. 
The  azimuth  error  histogram  of  Figure  5(a)  indicates 
a  bias  toward  the  south  of  8.6  degrees,  with  the  great¬ 
est  concentration  of  data  located  between  zero  and 
twenty  degrees  error.  The  histogram  of  range  error 
shown  in  Figure  5(b)  indicates  a  systematic  bias  of 
18.5  Km.  These  data  are  somewhat  more  uniformly 
scattered  than  the  azimuth  error  data.  Averaging  the 
position  estimates  results  in  a  miss  distance  of  39.6 
Km  or  17%  of  the  true  range  of  225  Km. 

4.  DISCUSSION 

In  the  mathematical  development  of  Section  2,  it  was 
assumed  that  cross  correlation  terms  involving  the 
transmitted  signal  and  the  additive  noise  were  negli- 
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(c)  Scatter  for  Baseline  2-4  Relative  to 
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(d)  Scatter  for  Baseline  1-4  Relative  to 
Sample  Mean  of  -0.342  psec 


Figure  3.  Histograms  of  Estimated  Differential  Intersensor  Delay,  At 


gible.  The  implication  of  this  assumption  is  that  the 
expected  phase  error  in  Equation  (8)  is  zero.  This  will 
not  be  the  case  if  the  additive  noise  terms  are  mutually 
coherent  with  each  other  or  with  the  transmitted  sig¬ 
nal,  then  the  complex  argument  of  Equation  (8)  will 
be  corrupted  and  one  would  expect  to  observe  an  at¬ 
tendant  degradation  in  die  accuracy  of  delay  esti¬ 
mates.  Also  we  have  implicitly  assumed  that  the 
sampling  process  is  statistically  wide  sense  stationary 
and  that  a  time  average  is  equivalent  to  an  ensemble 
average;  therefore,  if  the  sampling  duration  is  too 
short,  the  stationary  condition  may  not  hold. 

A  second  simplifying  assumption  made  in  the  devel¬ 
opment  of  the  algorithm  was  that  the  antennas  had 
ideal  omnidirectional  response.  For  the  array  de¬ 
ployed  in  this  work,  the  crossed  loop  antennas  satis¬ 
fied  this  condition.  In  the  more  general  case,  if  the 
antennas  used  have  directional  response  patterns  or  if 
the  patterns  are  perturbed  by  nearby  reradiating  struc¬ 


tures,  then  these  effects  must  be  taken  into  account 
in  the  array  steering  vector  of  Equation  (10). 

Aside  from  algorithmic  issues,  factors  which  may  af¬ 
fect  the  performance  of  the  technique  are  signal 
bandwidth,  antenna  separation  and  relative  mode  am¬ 
plitude.  The  issue  of  signal  bandwidth  is  important 
since  it  will  determine  the  number  of  periods  which 
are  to  be  used  to  estimate  the  interpath  delay  time. 
From  Equation  (Sc)  it  is  observed  that  the  phase  func¬ 
tion  has  a  spectral  period  of  \Hm.  Thus,  if  there  were 
2  msec  delay  between  modes,  then  we  would  expect 
to  observe  a  periodicity  of  SOOHz  in  the  complex  ar¬ 
gument  of  the  coherence  function,  and  a  signal 
bandwidth  of  2 Khz  would  support  four  periods.  On 
the  other  hand,  if  the  signal  bandwidth  is  very  narrow, 
say  200Hz,  then  a  full  period  is  not  present  and  the 
technique  may  not  provide  a  satisfactory  estimate. 

The  separation  between  antennas  is  important  since 
it  will  determine  the  magnitude  of  the  periodicity  in 


Figure  4.  Scatter  Plot  of  Estimated  Transmitter  Locations 
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(a)  Azimuth  Error  Relative  to  True  Value 
of  89.1  Degrees 


(b)  Range  Error  Relative  to  True  Value 
of  225  km 


Figure  5.  Histograms  of  Error  in  Azimuth  and  Range  Estimates 
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the  phase  function  of  Equation  (5c).  This  can  be  seen 
from  the  argument  of  the  sine  in  the  numerator  which 
involves  xg  and  xs.  As  the  separation  between  an¬ 
tennas  decreases,  the  intersensor  delays  approach  zero 
and  the  sine  term  consequently  becomes  small.  To 
maximize  the  sine  term  and  at  the  same  time  minimize 
the  denominator,  we  would  prefer  to  set  the  distance 
between  antennas  such  that  xg  +  ts  =  (2 k  +  1)  tt 
Obviously,  this  is  difficult  to  do  since  it  requires 
knowledge  of  the  AOA  for  each  signal. 

The  relative  path  amplitudes  have  a  similar  effect  on 
the  amplitude  of  the  periodicity  of  the  phase  function. 
It  is  clear  horn  Equation  (5c),  that  as  the  path  am¬ 
plitude  terms  Ag  and  As  decrease,  the  magnitude  of 
the  phase  ripple  decreases.  An  area  for  further  in¬ 
vestigation  is  to  determine  the  range  of  relative  am¬ 
plitudes  between  paths  for  which  this  approach  is 
effective. 

The  experimental  proof-of-concept  study  done  in  this 
effort  was  particularly  encouraging  since  it  indicated 
that  under  reasonably  favorable  conditions,  the  pas¬ 
sive  SSL  technique  would  work.  The  location  data  of 
Figure  4  evidenced  a  bias  toward  the  southeast  which 
we  believe  may  have  been  due  in  large  part  to  the 
unfavorable  antenna  array  geometry  shown  in  Figure 

1.  To  obtain  more  nearly  optimum  spatial  sampling, 
the  angle  formed  at  antenna  #1  should  have  been  60 
degrees  as  opposed  to  35.5  degrees.  Future  efforts 
will  concentrate  mainly  on  delta  array  geometry  to 
provide  improved  spatial  sampling  of  the  signal  in¬ 
terference  pattern. 

One  of  the  major  sources  of  error  in  conventional  SSL 
technology  is  the  identification  of  the  propagation 
path  between  the  transmitting  and  receiving  sites.  In 
the  case  of  HF  communication,  one  must  consider  the 
possibility  of  E,  Fj  or  layer  reflections  in  the  ion¬ 
osphere.  If  we  restrict  consideration  to  one  hop 
multipath,  the  passive  SSL  technique  implicitly  re¬ 
solves  the  issue  of  mode  identification  and  is  not  af¬ 
fected  by  this  source  of  error.  At  longer  ranges  where 
the  propagation  paths  may  consist  of  multiple  hops, 
both  conventional  and  passive  SSL  techniques  will 
require  a  more  sophisticated  propagation  model  for 


accurate  location  estimates.  However,  for  short  or  in¬ 
termediate  range  fixing,  the  passive  SSL  approach  of¬ 
fers  the  promise  of  significant  improvement  in 
reducing  location  error  due  to  incorrect  identification 
of  propagation  modes. 
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DISCUSSION 


L.  BERTEL 

Do  you  use  the  loop  antennas  independently  or  is  a  polarization  filter? 

AUTHOR’S  REPLY 

The  loops  are  quadrature  summed  to  discriminate  between  the  X  and  0  modes.  The  E-W  loops  are  retarded  90*  and  summed  with 
the  N-S  loops  to  obtain  quad  left  and  reject  the  X  mode.  Similarly,  the  N-S  loops  are  retarded  90-  and  summed  with  the  E-W 
loops  to  reject  the  O  mode. 

G.  HAGN 

Could  you  comment  on  the  use  of  the  MUSIC  algorithm  fed  by  your  crossed  loops  when  used  on  short  path  skywave  signals?  It 
should  be  possible  to  use  data  from  die  MUSIC  algorithm  to  generate  measured  ionograms  in  the  standard  form,  but  with  azimuth 
and  elevation  information  by  mode  as  well.  A  ray-tracing  propagation  prediction  model  (e.g.,  AMBCOM)  could  be  used  to  generate 
synthetic  ionograms  for  comparison  with  the  measured  data,  and  the  input  ionosphere  varied  to  obtain  a  best  fit  to  not  only  the 
ionogram  in  its  standard  form  but  also  the  elevation-plane  angle  of  arrival.  The  adjusted  ionosphere  (giving  the  best  fit)  could  then 
be  used  for  backward  ray  tracing  of  the  MUSIC-derived  signals  to  obtain  the  estimate  of  emitter  location.  But  this  is  the  subject  for 
further  research. 

AUTHOR’S  REPLY 

The  essential  firing  procedure  we  have  used  is  based  on  the  intersensor  and  intcrpalh  delays  and  employing  the  Briet  and  Tuve 
theorem.  It  is  highly  probable  that  a  high  ray-low  ray  combination  does  not  fit  this  model  or  the  near-vertical  incidence  case  of 
ground  wave  and  tilted  ionospheric  skywave.  It  would  appear  that  we  need  to  do  research  on  our  understanding  of  more 
complicated  ray  paths  and  implement  this  into  our  firing  model.  The  approach  you  suggest  of  iteratively  looking  for  agreement 
between  our  empirical  mode  decomposition  measurements  and  theoretical  models  seems  to  be  a  reasonable  starting  point. 
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1.  SUMMARY. 

The  location  of  an  HF  transmitter  may  be  derived  by  either 
of  two  methods,  depending  on  what  observations  of  the 
target  transmitter  are  available.  In  the  traditional  approach 
currently  adopted  for  strategic  DF  networks,  the  location 
is  determined  by  triangulation  using  Lines  of  Bearing 
(LOB)  of  the  signals  observed  at  two  or  more  HF-DF  sites. 
This  approach  is  called  here  the  LOB  approach. 
Alternatively,  the  location  may  be  derived  by  observations 
at  a  single  DF  site,  if  the  observations  are  extended  to 
include  that  of  the  elevation  angle  as  well  as  the  bearing 
of  the  incoming  radio  waves.  Triangulation  in  the  vertical 
plane  containing  the  observed  LOB,  using  a  model  of  the 
propagation  medium  (the  ionosphere),  leads  to  an 
estimate  of  the  position  of  the  target  transmitter.  This 
approach  Is  known  as  the  Single  Site  Location  (SSL) 
method.  The  success  of  the  LOB  approach  depends 
heavily  on  two  or  more  DF  sites  being  able  to  hear  and 
process  the  signals  from  the  target  transmitter,  as  wen  as 
on  having  reasonably  favorable  geometries.  When  these 
conditions  are  not  met,  the  LOB  approach  fails.  The  SSL 
method,  on  the  other  hand,  is  applicable  under  almost  an 
conditions.  This  paper  therefore  compares  and  contrasts 
the  two  approaches  to  determining  the  location  of  an  HF 
transmitter.  The  relative  advantages  of  the  SSL  approach 
are  shown  to  be  such  that  an  HF-DF  sites  should  logically 
be  SSL  sites. 

2.  INTRODUCTION 

With  a  few  little-known  exceptions  in  the  last  three 
decades,  but  more  in  recent  years,  the  location  of  an  HF 
transmitter  has  been  determined  by  a  process  of 
triangulation,  using  measured  Lines  of  Bearing  (LOB)  or 
azimuths  of  the  signals  received  at  two  or  more  HF 
Direction  Finding  (DF)  sites.  Ideally,  at  least  three  DF  sites 
should  be  able  to  observe  the  target  transmitter.  In  an 
alternative  approach  which  is  becoming  more  widely 
adopted,  the  DF  system  also  measures  the  elevation  angle 
of  the  incoming  radio  waves.  Given  a  knowledge  of  the 
ionosphere  along  the  path  to  the  target,  it  is  then  possible 
to  determine  the  point  of  origin  of  the  signals,  and  hence 
the  location  of  the  target,  by  simulating  the  propagation  of 
radio  waves  back  along  the  observed  direction.  This 
procedure  requires  observations  from  only  one  DF  site, 
and  is  accordingly  known  as  the  Single  Site  Location  (SSL) 
technique.  For  increased  accuracy,  the  procedure  also 
requires  real-time  observations  of  the  ionosphere,  using  an 
ionosonde  at  the  SSL  site. 

SSL  systems  have  been  deployed  operationally  for  at  least 
30  years  in  situations  for  which  the  traditional  LOB 
approach  is  not  possible,  either  because  the  circuits  were 
so  short  that  the  measured  LOEt  were  completely 
unreliable  Indicators  of  the  true  bearing  to  the  target,  or 


because  only  one  DF  site  was  available  in  the  first  place. 
In  recent  years,  the  closure  of  overseas  bases  for  both 

political  and  economic  reasons  has  pointed  to  the  need  to 

get  by  with  fewer  assets,  and  has  highlighted  the 
advantages  of  being  able  to  determine  the  location  of  an 
HF  transmitter  using  just  one  DF  (actually  SSL)  site. 

This  paper  compares  the  traditional  LOB  or  network 
approach  with  the  SSL  approach,  discussing  the  strengths 
and  weaknesses  of  the  two  approaches.  Generally 
speaking,  there  are  some  areas  in  which  one  approach  is 
dearly  superior  to  the  other,  and  some  areas  where  there 
is  not  much  to  choose  between  the  two.  There  is  still 
some  room  for  improvement  in  the  LOB  approach,  using 
modem  high-resolution  systems  which  can  discriminate 
between  the  LOBs  for  different  propagation  modes, 
together  with  propagation  simulation,  to  isolate  subsets  of 
the  observations  which  are  likely  to  yield  the  most 
accurate  estimates  of  the  position  of  the  transmitter 
(position  estimates,  or  PE).  In  spite  of  recent  advances  in 
our  understanding  of  the  ionosphere  and  how  it  affects  the 
measured  angles  of  arrival  (AOA;  i.e.,  azimuth  and 
elevation)  on  different  drcuits,  there  is  still  much  to  be 
learned  about  the  SSL  technique  and  how  it  may  best  be 
applied.  It  seems  highly  likely,  however,  that  the  DF 
systems  of  the  future  will  all  be  SSL  systems,  because  of 
the  overwhelming  advantages  of  the  SSL  approach. 

The  five  sets  of  simulation  results  presented  here  an 
correspond  to  realistic  situations,  although  the  exact 
locations  of  the  networks  are  not  given.  The  results  do 
depend,  of  course,  on  the  actual  locations  because  of  the 
variations  of  the  ionosphere  with  latitude  and  longitude. 

3.  METHODS  OF  POSITION  ESTIMATION 

3.1  Introduction 

Within  the  SSL  approach,  three  different  methods  of 
position  estimation  are  used,  depending  on  the  length  of 
the  circuit,  R,  and  the  observed  elevation  angle,  p: 


Short  Ranges 

P 

> 

75* 

R 

< 

100 

Classical  SSL  with  Tilt 

Correction 

Medium  Ranges 

P 

> 

50* 

R 

> 

150 

Classical  SSL 

P 

< 

75* 

R 

< 

600 

Long  Ranges 

P 

< 

50* 

R 

> 

600 

SMART-SSL” 

The  transition  angles  and  ranges,  50*.  75*.  150  km  and 
600  km,  are  an  somewhat  arbitrary,  since  they  depend  on 
the  state  of  the  ionosphere  at  the  time,  and  on  the  relative 
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accuracies  of  the  three  methods  of  position  estimation 
SMART-SSL™  is  an  acronym  for  the  Synoptic  Modelling 
And  Ray  Tracing  approach  to  SSL  The  Classical  SSL 
method  relies  on  some  simple  theorems  of  radio  wave 
propagation,  as  described  in  Section  3.2.  Reviews  of  the 
SSL  technique  have  been  given  in  references  [1]  and  [2]. 

The  SSL  approach  is  most  accurate  at  medium  ranges, 
say  200  to  600  km,  since  the  effects  of  titts  in  the 
ionosphere  at  the  reflection  point  are  small,  and  the  local 
lonogram  is  a  good  indicator  of  what  the  ionosphere  is  like 
at  the  circuit  reflection  point  Application  of  the  SSL 
approach  is  more  difficult  at  short  ranges,  for  which  the 
calculated  position  estimates  depend  strongly  on  the  tilts 
existing  at  the  reflection  point,  and  at  long  ranges,  for 
which  observations  of  the  ionosphere  at  the  SSL  site  may 
be  a  poor  indicator  of  the  ionosphere  at  tlie  remote 
reflection  point. 

3.2  The  Classical  SSL  Method  of  Position  Estimation 
The  Classical  SSL  method  is  the  most  broadly  applicable 
and  commonly  used  of  the  various  methods  of  range 
estimation.  Given  a  local  vertical  incidence  (VI)  ionogram, 
it  is  simple  and  quick  to  apply,  and  can  be  very  accurate. 
The  Classical  SSL  method  assumes  that  the  actual 
propagation  may  be  modelled  by  assuming  that  reflection 
takes  place  from  a  simple  horizontal  mirror  at  the 
appropriate  height.  If  the  Earth  were  flat,  and  if  the  radio 
signals  were  reflected  by  a  horizontal  sporadic-E  (EJ  layer, 
for  example,  the  ground  range  TR  would  be  related  to  the 
measured  elevation  angle,  p,  by 

TR  =  2h  /  tan  p. 

The  Classical  SSL  method  is  a  generalization  of  this  idea, 
relying  on  the  availability  of  a  suitable  VI  ionogram  to 
provide  the  height  h,  and  on  the  applicability  of  some 
fundamental  laws  of  radio  propagation  through  the 
ionosphere. 

The  method  is  based  on  three  simple  fundamental 
relations  -  the  Secant  Law,  Breit  and  Tuva’s  Theorem  and 
Martyn’s  Equivalent  Path  Theorem  [3].  If  f,  is  the  frequency 
which  is  reflected  at  normal  incidence  from  the  same  real 
height  as  the  operating  frequency,  f,  the  Secant  Law  states 
that 

f  =  f,  sec  x. 

where  x  is  the  angle  of  incidence  of  the  ray  at  the  base  of 
the  ionosphere.  For  a  flat  Earth,  x  is  the  complement  of 
the  elevation  angle.  The  frequency  f,  is  called  the 
"Equivalent  Vertical  Incidence  Frequency". 

Application  of  *he  so-called  Classical  SSL  Method  of  range 
(or  position)  estimation  proceeds  as  follows  :- 

1.  The  incoming  signal  at  the  frequency  f  is  observed  to 
have  an  elevation  angle  p, 

2.  The  secant  law  is  used  to  calculate  the  equivalent 
vertical  frequency,  f,. 

3.  The  virtual  height  h'(f,)  is  obtained  from  a  local  VI 
ionogram,  at  the  frequency  f.. 

4.  The  signal  is  assumed  to  have  travelled  a  triangular 
path,  with  an  elevation  angle  p,  and  with  reflection 
occurring  at  an  altitude  equal  to  h'(f.). 

5.  The  range  to  the  transmitter,  TR,  is  then  simply  2h’/tan 
f»- 


The  extension  to  a  curved  Earth  is  straight  forward.  The 
Classical  method  ignores  the  Earth's  magnetic  field  when 
calculating  the  equivalent  vertical  frequency,  but  takes  it 
into  account  when  the  value  of  h'(f,)  is  scaled  from  the 
ionogram. 

3.3  Short-Range  Hit  Correction 

In  general,  tilts  play  a  much  greater  role  on  shorter 
circuits  The  effects  are  oiten  so  large,  as  seen  in  wildly 
varying  azimuths,  that  tne  standard  LOB  approach  is  not 
applicable.  It  is  instructive  to  consider  the  %  error  in  the 
calculated  range.  0,  due  to  a  tilt  6  in  the  direction  of 
propagation  on  a  short  circuit  with  elevation  angle  p.  We 
find 

5D/D  =  -1.758/sinp/cosp  %, 

where  8  is  in  degrees.  Thus  if  p  =  85\  corresponding  to 
an  F-mode  ground  range  of  around  50  km,  the  error  is 
20%  of  range  per  degree  of  tilt.  The  error  drops  to  5%  for 
P  =  70",  corresponding  to  a  range  of  about  200  km.  The 
transverse  component  8,  of  the  tilt  deviates  the  ray  path 
out  of  the  great  circle  and  produces  a  bearing  error.  If 
reflection  is  attributed  to  a  plane  mirror  at  a  height  h  above 
a  plane  earth,  then  the  bearing  error  is  approximately  [4] 

8®  =  (2  h  8,)  /  D. 

Taking  a  reflection  height  of  300  km  yields  bearing  errors 
of  12  and  3  times  the  transverse  tilt  angle  for  circuit 
lengths  of  50  and  200  km  respectively.  The  effects  of  any 
tilts  are  thus  most  important  when  p  is  large,  or  D  is  small 
i.e.  for  short  circuits. 

In  order  to  conect  position  estimates  for  the  effects  of  tilts, 
real-time  AOA  observations  are  needed  from  a  known 
transmitter  in  the  same  general  area  as  the  unknown 
transmitter.  These  are  used  to  derive  estimates  of  the 
ionospheric  tilts  at  the  circuit  reflection  point,  assuming  a 
tilted  mirror  at  the  height  h'(f.)  The  tilts  so  derived  are  then 
used  in  conjunction  with  the  unknown  transmitter  AOA 
observations  to  find  the  range  to  that  transmitter,  along  a 
conected  azimuth.  Any  other  HF  transmitter  outside  the 
range  of  the  ground  wave  may  be  used  as  a  remote  check 
target.  An  alternative  approach  is  to  use  an  appropriate 
ionosonde  located  at  the  SSL  site  to  provide  observations 
of  the  tilts  in  the  local  ionosphere. 

The  possibility  of  tilt  correction  arises  only  for  an  SSL 
system  working  short-range  targets.  The  technique  cannot 
be  applied  when  only  the  LOB  is  measured,  since 
elevation  angles  of  the  target  and  check  target  signals,  as 
well  as  the  virtual  height  h’(f,),  are  also  required. 

3.4  Long-Range  Position  Estimation 

Long-range  position  estimation  techniques  are  invoked  at 
ranges  beyond  the  validity  of  the  Classical  SSL  method  of 
position  estimation  i.e.  when  the  ionogram  obtained  at  the 
SSL  site  is  not  expected  to  be  a  good  indicator  of  what  the 
ionosphere  is  like  at  the  midpoint  of  the  long  circuit.  As  a 
general  rule  of  thumb,  the  validity  of  the  local  ionogram 
starts  to  deteriorate  at  a  range  equal  to  the  height  of  the 
reflecting  layer  - 100  km  for  the  E  and  E,  layers,  and  300 
km  for  the  F  layer.  Beyond  these  distances,  it  is  a  question 
of  how  the  correlation  decreases  with  the  separation  of  the 
SSL  site  and  the  circuit  midpoint  Obviously  the  correlation 
decreases  more  rapidly  at  sunrise  and  sunset,  and  in  the 
presence  of  other  large-scale  horizontal  gradients. 
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The  technique  adopted  for  long-range  position  estimation 
is  basically  one  of  ray  re-tracing  through  a  model  of  the 
ionosphere  which  has  been  updated  in  real  time  to  match 
the  characteristics  scaled  from  the  lonogram  obtained  at 
the  SSL  site.  R.  .dio  waves  are  traced  in  simulation  through 
the  model,  in  tne  opposite  direction  to  that  at  which  they 
were  observed  to  arrive  at  hie  SSL  srte,  and  the  point  at 
which  the  ray  hits  the  ground  is  the  calculated  location  of 
the  transmitter. 

The  essential  elements  in  this  ray  re-tracing  procedure  are 

1.  A  reliable  synoptic  model  of  the  ionosphere  which  can 
be  updated  in  real  time  using  parameters  derived  from  the 
local  ionogram 

2.  A  method  of  raytracing  which  has  an  accuracy  well 
exceeding  the  accuracy  with  which  the  ionosphere  can  be 
specified  along  the  whole  circuit. 

3.4.1  Ionospheric  Modelling  Techniques 

We  refer  here  only  to  techniques  which  are  valid  for  mid¬ 
latitude  circuits,  since  the  bulk  of  the  AOA  data  currently 
available  for  long-range  circuits  is  from  mid-latitude  sites. 
The  N(h)  profile  at  mid  latitudes  can  be  fairly  well  defined 
in  terms  of  10  parameters  -  the  criticdtfrequency,  height  of 
maximum  electron  density  and  parabolic  semithickness  for 
each  layer,  and  the  E-F  valley  width  :- 

1.  E  layer  -  f.E,  h„E  and  y„E 

2.  E-F  valley  -  width 

3.  F,  layer  -  f.F„  h„F,  and  y„F, 

4.  F,  layer  -  f.F„  h„F,  and  y„F,. 

World  maps  or  models  exist  for  these  parameters,  or  of 
parameters  such  as  M(3000)F2  from  which  they  may  be 
derived.  The  least  well  known  seem  to  be  y„F„  h.F,  and 
y„F,.  Any  convenient  profile  may  be  erected  at  a  given 
point  along  a  circuit,  provided  it  matches  the  modelled 
values  of  the  10  parameters,  since  there  are  currency  no 
definitive  models  of  the  profile  shape  between  the  various 
anchor  points. 

Updating  of  the  synoptic  model  is  most  simply  performed 
via  an  ionospheric  index,  or  effective  sunspot  number, 
which  forces  the  models  of  the  various  parameters  to 
match  the  values  observed  by  the  ionosonde  at  the  SSL 
site.  A  different  effective  sunspot  number  may  be  used  for 
each  of  the  characteristics  defining  the  N(h)  profile.  The 
index  derived  from  f.F*  is  called  the  T  index,  since  the 
maps  of  f,F,  which  are  used  are  given  in  terms  of  this 
index  [5].  In  general,  as  much  relevant  information  as 
possible  should  be  derived  from  the  local  VI  ionogram, 
since  the  ultimate  accuracy  r'  the  calculated  transmitter 
locations  depends  to  a  large  extent  on  how  well  the  local 
ionogram  can  be  used  to  characterize  the  ionosphere 
along  the  whole  circuit. 

3.4.2  Ray  Re-Tracing  Techniques 

Given  a  sufficiently  accurate  model  of  the  ionosphere 
along  the  circuit,  the  location  of  the  unknown  transmitter 
can  be  determined  by  raytracing  through  that  model  back 
along  the  direction  of  the  incoming  wavefront  The 
raytracing  may  be  approached  at  various  levels  of 
complexity,  depending  on  the  relative  computation  times 
and  the  accuracy  with  which  the  ionospheric  model  can  be 
specified.  If  the  profile  shapes  are  quasi-parabolic, 
solutions  for  the  range  are  given  in  closed  form  in  terms 
of  the  profile  characteristics,  the  wave  frequency  and  the 
AOA.  See,  for  example,  reference  [6].  For  arbitrary  profile 
shapes,  the  Jones-Stephenson  [7]  three-dimensional 


raytracing  program  is  the  method  of  choice. 

Some  of  the  possible  approaches  are:- 

1.  Analytic  two-dimensional  raytracing  through  a  multi- 
segmented  quasi-parabolic  N(h)  profile  with  no  variation 
along  the  circuit,  neglecting  the  Earth’s  magnetic  field. 

2.  Analytic  two-dimensional  raytracing  through  a  multi- 
segmented  quasi-parabolic  N(h)  profile  with  the 
ionospheric  characteristics  being  allowed  to  vary  along  the 
circuit,  neglecting  the  Earth’s  magnetic  field. 

3.  Numerical  three-dimensional  raytracing  through  an 
arbitrary  N(h)  profile  which  varies  along  the  circuit, 
including  the  Earth’s  magnetic  field. 

All  three  methods  were  used  by  McNamara  [8],  who  found 
that  in  general  it  Is  not  possible  to  specify  the  ionosphere 
along  the  circuit  well  enough  to  cause  the  more  complex 
methods  (2  and  3)  to  be  preferred  over  the  simplest  one 
(1)- 

The  errors  in  position  estimates  are  usually  described  in 
terms  of  the  ’miss  distance",  which  is  the  distance 
between  the  calculated  and  correct  locations  of  the 
transmitter.  For  long-range  transmitters,  the  miss  distances 
are  made  up  of  contributions  from  various  sources  [9],  the 
relative  importance  of  which  will  depend  on  the  particular 
drcums 'ances  :- 

1.  A  bearing  error  due  to  the  lack  of  observations  over 
the  full  period  of  any  travelling  ionospheric  disturbance 
(TID). 

2.  Biases  in  the  peaks  of  the  elevation  angle  distribution 
for  multi-moded  propagation,  due  to  fading  and  data 
filtering. 

3.  A  bearing  error  due  to  a  large-scale  synoptic  gradient 
not  accurately  represented  in  the  ionospheric  model,  or 
not  allowed  for  in  the  raytracing. 

4.  A  range  error  due  to  differences  between  the  model 
and  actual  N(h)  profiles  along  the  circuit. 

5.  Range  and  bearing  errors  due  to  errors  in,  or 
limitations  of,  the  raytracing  algorithms. 

6.  Use  of  the  wrong  order  of  the  propagation  mode.  The 
observed  AOA  do  not  seem  to  contain  any  information 
which  could  be  used  to  identify  uniquely  the  number  of 
hops  that  the  signals  have  made  on  their  way  from  the 
transmitter. 

7.  Confusion  caused  by  E,.  As  with  (6),  the  observed  AOA 
do  lot  indicate  whether  or  not  E,  has  been  involved  in  any 
way. 

In  principle,  the  raytracing  procedures  may  be  developed 
to  any  required  level  of  accuracy,  so  the  major  source  of 
errors  in  the  miss  distances  will  be  our  inability  to  specify 
the  ionosphere  accurately  along  the  whole  circuit.  In  a 
strict  SSL  approach,  the  only  ionospheric  knowledge 
available  is  that  obtained  at  the  SSL  site  itself,  so  it  will  not 
usually  be  possible  to  specify  the  ionosphere  along  the 
circuit  with  arbitrary  precision. 

4.  THE  PROOUCnvrrY  OF  AN  HF-DF  NETWORK 

4.1  Introduction 

Several  important  questions  arise  when  a  network  of  HF- 
DF  sites  is  proposed: 

1.  How  many  observing  sites  are  needed  to  cover  the 
area  occupied  by  the  target  transmitters? 

2.  Where  should  each  of  the  sites  be  located  for  optimum 
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coverage  of  the  twget  transmitters? 

3.  What  are  the  advantages  to  be  gained  by  making  each 
site  an  SSL  site,  rather  than  just  an  LOB  site? 

4.  What  are  the  advantages  arising  from  the  use  of  a 
system  with  a  higher  sensitivity? 

Questions  3  and  4  are  addressed  here  by  using  HF 
propagation  simulations,  with  special  reference  to  a 
physically  large  DF  network  (Network  A)  illustrated  in 
Figure  1.  Ideally,  questions  1  and  2  should  be  addressed 
in  the  early  planning  stages,  using  techniques  similar  to 
those  described  here.  However,  in  some  applications,  the 
sites  and  their  dispositions  are  dictated  by  external  needs, 
such  as  the  availability  of  logistic  support 


1  Locations  of  the  4  DF  sites  (X)  end  the  limits  (0)  of  the  grid 
of  transmitters  considered  lor  Network  A  The  latitude  and 
longitude  lines  are  given  tor  every  ttf. 


It  is  important  to  be  able  to  estimate  both  the  probability 
that  the  network  can  determine  the  location  of  a  given 
transmitter,  and  the  accuracy  of  the  calculated  location. 
This  section  addresses  the  former  question;  the  latter  will 
be  addressed  in  the  next  section.  At  present,  we  will  just 
note  that  any  simulations  which  portray  the  accuracies  that 
can  be  expected  from  a  DF  network  can  by  themselves  be 
misleading,  since  the  calculated  accuracies  can  be  realized 
in  practice  only  if  the  propagation  conditions  and  system 
sensitivities  are  such  that  all  the  necessary  members  of  the 
network  can  hear  a  given  transmitter. 

4.2  Method 

The  ionosphere  and  its  variations  are  so  complex  that  it  is 
virtually  impossible  to  estimate  a  pnori  just  how  often  one 
or  more  sites  can  work  the  same  transmitter,  and  thus 
how  often  the  SSL  approach  would  be  required,  or  how 
often  multi-site  fixes  could  be  based  on  observations  from 
more  than  two  sites.  This  problem  has  therefore  been 
simulated,  using  the  standard  HF  propagation  prediction 
program  IONCAP  (10].  The  DF  sites  for  Network  A  are 
very  widely  separated,  covering  3000  km  in  latitude. 

Propagation  predictions  have  been  made  using  IONCAP 
(Method  17;  Condensed  System  Performance)  for  circuits 
between  the  four  sites  and  transmitters  located  at  7  x  5 
gridpoints  (7  latitudes,  10*  apart;  5  longitudes,  15*  apart). 
The  area  to  be  monitored  is  illustrated  in  Figure  1 .  For 
Network  A,  predictions  were  made  for  4  sites;  7  latitudes; 
5  longitudes;  3  months;  2  sunspot  numbers;  8  hours;  11 
frequencies.  There  were  7x5x3x2x8x11  =  18480 
calculations  of  the  S/N  ratio  made  for  each  site.  Each 
calculation  is  considered  here  as  the  calculation  for  an 
effective  transmitter,  and  there  are  18480  of  these  for  each 
DFsite. 


The  IONCAP  runt  were  made  for 

1.  Constant  gain  antennas 

2.  A  minimum  elevation  angle  of  5* 

3. 1  kW  transmitter  power 

4. 1  Hz  bandwidth 

5.  Rural-level  man-made  noise 

6.  Antenna  gains  of  10  dB. 

There  is  no  simple  way  to  adjust  the  calculated  values  of 
S/N  to  alter  the  restrictions  1  and  2.  However  it  is  a  simple 
matter  to  reprocess  the  data  to  allow  for  different  values 
for  lines  3  to  6. 

Interrogation  of  the  output  files  allows  the  calculation  of  the 
number  of  transmitters  for  which  the  calculated  S/N  ratio 
exceeds  a  specified  threshold.  The  ratio  of  this  number  to 
the  total  possible  number  (18480)  is  called  the 
productivity  of  the  DF  network.  Threshold  values  of  -20  to 
20  dB  in  steps  of  5  dB  have  been  considered.  The 
analysis  can  be  pei  formed  for  different  values  for  lines  3 
to  6.  The  case  considered  here  is  for  100  watt  transmitter 
powers;  a  3  kHz  bandwidth;  rural-level  man-made  noise; 
0  dB  transmitter  antenna  gain;  -10  dB  receiver  antenna 
gam.  These  are  typical  values  for  DF  work. 

4.3  F.esultt  for  Network  A 

4.3.1  Productivities  for  N-elte  Fixes 
Figure  2  shows  the  percentage  of  cases  for  which  the 
calculated  S/N  ratio  for  the  18480  effective  transmitters 
was  above  a  specified  threshold  value  at  one  or  more  DF 
sites.  The  curve  labelled  "Any  1  site*  is  the  productivity  of 
the  network  when  only  one  site  has  to  be  able  to  "hear* 
(i.e.,  monitor  and  process)  each  transmitter,  as  in  the  SSL 
approach.  The  curve  labelled  'Any  2  sites"  is  for  the  case 
when  any  two  or  more  of  the  four  sites  can  hear  a 
transmitter;  the  curve  labelled  ‘Any  3  sites*  is  for  the  case 
when  any  three  or  more  of  the  four  sites  can  hear  a 
transmitter;  the  curve  labelled  "All  4  sites*  is  for  the  cases 
in  which  all  four  of  the  DF  sites  can  hear  the  one 
transmitter. 


S/N  THRESHOLD 


2.  Productivity  or  Network  A,  as  a  function  of  system 
threshold,  lor  observations  from  dltterem  numbers  of  DF  sites, 
assuming  typical  values  lor  the  various  parameters. 
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Suppose,  for  example,  that  the  OF  system  installed  at  each 
site  can  work  at  0  dB  S/N  ratio.  Then  34.5%  of  all  the 
transmitters  could  be  worked  by  at  least  one  of  the  four 
systems,  if  they  were  SSL  systems.  If  any  2,  any  3  or  alU 
sites  in  the  network  are  required  to  be  able  to  observe  a 
transmitter,  the  productivities  are  15.0,  5.4  and  0  8%. 

If  an  extra  10  dB  can  be  provided  by  higher-gain 
antennas,  or  from  1000  watt  transmitters,  for  example,  the 
chances  of  any  one  of  the  four  SSL  systems  being  able  to 
work  a  transmitter  increases  from  34.5%  to  56.1%.  An 
increase  of  power  has  a  larger  effect  when  any  two  sites 
are  used  in  the  LOB  approach,  the  productivity  almost 
trebling  from  15.0  to  37.6%.  This  means  that  the  LOB 
approach  relies  more  heavily  on  high  S/N  levels  than  does 
the  SSL  approach. 

4.3.2  Productivity  Advantage  of  the  SSL  Approach 
Consider  again  the  results  given  in  Figure  2,  for  a  0  dB 
S/N  threshold.  Relative  to  the  1-site  (SSL)  value,  the 
productivities  when  2,  3,  or  4  LOBs  are  required  are  1  : 
0.43  : 0.16  : 0.  In  other  words,  if  me  4  sites  are  equipped 
with  SSL  equipment,  they  can  work  1  /0.43  =  2.3  times  as 
many  transmitters  as  four  simple  LOB  sites  if  two  LOBs 
are  required  (yielding  a  ‘cut");  or  1  0/0.16  -  6.25  times  as 
many  transmitters  if  three  LOBs  are  required  (yielding  a 
■fix').  The  probability  of  all  4  sites  being  able  to  hear  the 
given  transmitters  at  a  0  dB  S/N  ratio  is  effectively  zero. 
Similar  scenarios  can  be  deduced  for  any  other  threshold 
value. 

It  is  also  interesting  to  consider  how  many  of  the  3  x  2  x 
8x11  =  508  nominal  transmitters  placed  at  each  gridpoint 
may  be  hearo  from  one  or  more  DF  sites.  As  expected, 
the  productivity  is  highest  for  those  gndpoints  contained 
within  the  network,  and  closest  to  the  four  DF  sites.  The 
value  o*  the  SSL  approach  is  especially  great  for 
transmitter  locations  remote  from  the  DF  sites.  For 
example,  transmitters  along  a  line  at  the  extreme  west  of 
the  area  being  monitored  can  never  be  heard 
simultaneously  by  three  or  four  DF  sites  with  a  threshold 
of  0  dB,  and  only  on  2%  of  occasions  can  they  be  heard 
by  two  DF  sites.  However  at  a  latitude  dose  to  the  '  i,  • 
southern-most  DF  site  for  example,  27%  of  tran*--  v- 
could  be  heard  from  at  least  one  SSL  site. 

4.3.3  Advantage*  of  a  Lower  S/N  Threshold 

Figure  2  may  also  be  used  to  derive  the  advantages 
offered  by  an  SSL  system  which  can  work  at  a  lower  S/N 
ratio  than  another.  For  example,  curve  1  of  Figure  2  shows 
that  SSL  systems  with  a  threshold  of  -5  dB  can  work  46  / 
21  =  2.2  times  as  many  transmitters  as  a  system  with  a 
threshold  of  +5dB. 

If  SSL  systems  with  a  threshold  of  -5  dB  were  used  at  the 
four  sites,  in  place  of  LOB  systems  with  a  threshold  of  +  5 
dB,  and  at  least  two  LOB  measurements  are  required, 
approximately  2.2  x  1.8  =  4  times  as  many  100  watt 
transmitters  detnbuted  around  Network  A  could  be 
worked. 

4.4  Network  B 

The  continumg  closure  of  overseas  sites  has  highlighted 
the  precarious  nature  of  the  current  strategic  DF  networks. 
The  solid  curves  m  Figure  3  are  for  the  case  of  a  three- 
station  net,  monitoring  transmitters  at  the  7  x  9  gridpoints 
at  pseudo-latitudes  0*N(5)40*N  and  pseudo-longitudes 
0*E(5)30*E  (Figure  4).  It  is  required  that  (top  curve)  any 
one  of  the  three  stations  be  able  to  hear  a  given 


transmitter  (the  SSL  solution);  that  any  two  stations  be 
able  to  hear  a  transmitter  (the  LOB  solution,  but  relying  on 
a  cut);  and  that  (bottom  curve)  all  three  stations  be  able  to 
hear  a  transmitter  (the  LOB  solution,  demanding  a  fix, 
rather  than  a  cut).  Taking  a  0  dB  threshold  as  typical,  it 
can  be  seen  that  the  productivity  drops  from  48.7%  to 
15.3%  to  5.3% 


NETWORK  B 


3  Productivity  o I  Network  B.  as  a  function  ol  system 
threshold,  lor  observations  from  ditlerem  numbers  olDF  sites, 
assuming  typical  values  lor  the  various  parameters  The  lull 
lines  correspond  to  the  3  reliability  ol  all  three  DF  sites,  while 
the  dashed  lines  correspond  to  the  case  in  which  DF2  is  not 
available. 


The  dashed  curves  in  Figure  3  correspond  to  a  two-station 
net,  DF1  and  DF3.  The  differences  in  productivity  between 
the  two  sets  of  curves  graphically  illustrate  the  decrease  in 
productivity  caused  by  the  removal  of  DF2  from  the  net. 
To  start  with,  it  is  no  longer  possible  to  obtain  a  fix,  so  the 
only  companson  which  can  be  made  is  between  the 
productivities  of  the  SSL  and  LOB  approaches  relying  on 
a  cut  At  0  dB,  the  relative  productivities  are  39.0  and 
5.3%,  giving  the  SSL  approach  a  seven-fold  advantage  in 
productivity.  For  the  three-station  net,  the  advantage  was 
48.7  /  15.3  =  3.2,  so  the  loss  of  the  third  station  has 
doubled  the  advantage  offered  by  the  SSL  approach. 


4.  Locations  ol  the  3  DF  sites  (X)  and  the  limits  (O)ot  the  grid 
or  transmitters  considered  lor  Network  B.  The  Attitude  and 
longitude  lines  are  given  lor  every  Iff. 
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The  productivity  of  an  SSL  network  drops  by  only  20% 
when  OF2  is  removed.  The  effect  of  removing  DF2  from  a 
three-station  LOB  net  is  to  drop  the  productivity  from 
15.3%  to  5.3%,  which  is  a  factor  of  three.  Networks  of  SSL 
stations  are  thus  much  more  stable  against  the  loss  of  one 
station  than  are  LOB  nets. 

The  loss  of  DF2  as  an  LOB  site  has  most  effect  on  thoso 
gridpoints  to  the  south  of  that  site.  For  example,  the 
productivity  at  the  pseudo-point  (0*N,  20*E)  drops  from 
26%  to  2%.  Exactly  how  the  productivity  changes  is  a 
complicated  function  of  the  frequencies,  times  of  day  etc 
which  are  considered.  The  productivity  for  that  gridpoint 
would  have  fallen  only  down  to  39%  (from  49%)  if  OF1  and 
DF3  had  been  SSL  sites. 

4.5  Network  C 

This  section  considers  the  problem  of  determining  the 
locations  of  HF  transmitters  operating  at  the  extreme  edge 
of  the  area  being  monitored,  as  illustrated  in  Figure  5.  An 
array  of  HF  transmitters  is  placed  (in  simulation)  at 
gridpoints  within  a  rectangle  covering  pseudo-latitudes  of 
0*N  to  7*N,  and  pseudo-longitudes  of  0*£  to  18*E.  The 
productivity  results  have  been  grouped  into  day  (12  to  23 
UT),  and  night  (00  to  11  UT),  and  separate  calculations 
have  been  made  for  frequency  ranges  of  3  to  7  MHz  and 
for  3  to  16  MHz,  to  cover  two  possible  scenarios  for  the 
assumed  transmitters.  The  results  for  the  lower 
frequencies  are  given  in  Figures  6  (day)  and  7  (night). 


5.  Locations  of  the  2  DP  sites  (Xj  end  me  limits  (0)  ol  the  grid 
of  trtnsmltters  considered  tor  Network  C  The  latitude  end 
longitude  lines  ere  given  lor  every  10*. 

As  expected,  these  figures  show  that  the  highest 
productivities  are  obtained  when  two  SSL  sites  are 
available  and  only  one  is  required  to  hear  the  transmitter. 
The  lowest  productivities  are  obtained  when  both  sites  are 
required  to  hear  each  transmitter.  Of  the  two  sites,  DF2 
has  the  higher  productivities,  but  this  is  only  because  of  its 
more  central  location.  Taking  a  0  dB  S/N  threshold  as 
typical  for  a  modem  DF  system,  during  the  day  the 
productivity  of  two  SSL  systems  exceeds  that  of  two  LOB 
systems  by  an  average  factor  of  2.4.  In  other  words,  giving 
the  systems  at  DF1  and  DF2  a  range  capability  as  well  as 
the  usual  azimuth  capability  allows  the  working  of  twice  as 
many  transmitters,  in  fact  ttw  productivity  of  a  single  SSL 
system  at  either  location  well  exceeds  that  of  a  2-station 
LOB  network.  At  night  the  advantage  is  somewhat  less,  at 
1 .44.  This  is  because  HF  absorption  has  disappeared,  and 
the  main  reason  for  different  productivities  is  whether  or 
not  the  frequency  is  supported  by  the  ionosphere  on  the 
circuit  being  considered.  The  higher  frequencies  would  not 
be  supported  on  the  shorter  circuits. 


DAYTIME  3-7  MHz 


S/N 


6  ProductMes  ot  Network  C  as  a  function  of  system  S/N 
threshold,  lor  daytime  end  lor  frequencies  from  3  to  7  MHz. 
There  ere  4  cases  -  1.  DPI  only;  2  DF2  only,  3.  DPI  OP  DP2, 
4.  DPI  AND  DP2 


NIGHTTIME  3-7  MHz 


-20.0  -S.o  -oo  -50  0.0  50  100  S.0  200 


S/N 


7.  Productivities  of  Network  C  as  a  function  of  system  S/N 
threshold,  lor  nighttime  and  lor  frequencies  Irom  3  to  7  MHz 
There  are  4  cases  - 1  DPI  only;  2  DF2  only;  3  DPI  OR  DF2; 
4.  DPI  AND  DF2 


The  advantage  offered  by  the  use  of  SSL  systems 
increases  rapidly  as  the  required  S/N  threshold  increases. 
For  example,  during  the  day  the  advantage  increases  to 
3.5  for  a  5  dB  threshold.  During  the  night,  the  advantage 
increases  to  2.4.  In  practice,  all  target  locations  would  not 
be  equally  important.  Examination  of  the  variation  of  the 
productivity  over  the  region  being  monitored,  for  a 
frequency  range  of  3  to  7  MHz,  leads  to  the  following 
conclusions: 

Daytime;  3-7  MHz. 

The  productivities  drop  off  with  distance  from  the  OF  sites, 
because  of  the  increasing  effect  ot  absorption  on  the 
longer  circuits.  The  effect  is  worst  for  the  DF1  and  the  DF1 
AND  DF2  cases,  since  DF1  is  at  one  comer  of  the  gnd. 

The  relative  advantage  of  the  SSL  approach  increases  to 
a  factor  of  5  for  the  western  half  of  the  gnd,  since  the  bulk 
of  these  transmitters  can  be  heard  only  by  DF2. 
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Nighttime;  3-7  MHz. 

The  productivities  reach  100%  for  the  DF1  OR  DF2  case. 
HF  absorption  has  disappeared,  and  the  higher 
frequencies  not  supported  on  a  short  circuit  to  one  DF  site 
win  be  supported  on  the  other. 

The  productivities  for  the  western  gridpomts  are  higher  for 
DF2  than  for  DF1 ,  because  the  circuit  lengths  to  0F1  are 
so  long  that  the  dominant  propagation  mode  is  a  2-hop 
mode,  with  an  extra  ground-reflection  loss. 

The  productivities  for  the  western  gridpoints  for  the  DF1 
AND  DF2  case  are  low,  because  they  cannot  be  heard  at 
DF1. 

5.  SIMULATED  ACCURACIES  OF  AN  HF-DF  NETWORK 
5.1  Introduction 

This  section  considers  by  way  of  illustration  the  accuracies 
obtainable  with  HF-DF  networks  in  several  locations,  with 
varying  numbers  of  SSL  and  LOB  systems.  The  accuracies 
are  based  on  simulations,  using  representative  bearing 
errors,  range  errors  and  sample  sizes.  The  previous 
section  has  drawn  attention  to  the  importance  of  the 
concept  of  the  productivity  of  an  HF-DF  network,  which  is 
a  measure  of  the  ability  of  a  given  OF  network  to  work  an 
array  of  transmitters  spread  over  the  area  of  interest,  and 
operating  on  typical  frequencies,  with  typical  powers  and 
antennas,  throughout  a  full  24-hour  period,  throughout  the 
year,  and  throughout  a  full  solar  cycle.  These  analyses 
have  illustrated  the  very  large  advantages  to  be  gained  by 
the  use  of  SSL  systems,  rather  than  just  LOB  systems. 
The  source  of  the  advantage  lies  in  the  requirement  for 
only  one  SSL  site  to  be  able  to  hear  a  specified 
transmitter,  whereas  the  LOB  approach  relies  on  at  least 
two,  and  preferably  three,  sites  being  able  to  hear  each 
transmitter. 

The  accuracy  of  a  DF  network  is  also  an  important, 
although  secondary,  consideration  since  position  estimates 
with  a  high  level  of  uncertainty  would  be  counter¬ 
productive.  A  very  high  theoretical  accuracy,  based  on 
simple  geometrical  considerations,  is  of  course  completely 
irrelevant  if  the  required  number  of  members  of  the 
network  cannot  hear  the  same  transmitter.  An  analogy 
from  physical  optics  which  comes  to  mind  is  the  intensity 
pattern  generated  from  two  slits  -  there  will  be  ar. 
interference  pattern  (accuracy)  generated,  but  only  at 
those  angles  which  do  not  correspond  to  minima  in  the 
diffraction  pattern  (productivity) 

5.2.  Method  of  Analysis 

Three  stations  have  been  considered  for  Network  D,  as 
illustrated  in  Figure  8.  As  with  the  productivity  analyses,  an 
array  of  transmitters  is  considered,  covering  the  pseudo¬ 
latitude  range  0“N(2*)14*N  and  the  pseudo-longitude  range 
0*W(2*)14*W.  Observed  LOBs  and  calculated  ranges  have 
been  simulated  for  each  transmitter  and  DF  site  by  a 
random  distribution  about  the  correct  values  (known  a 
priori,  since  we  know  the  locations  of  die  transmitters  and 
DF  sites),  with  specified  RMS  errors  and  no  mean  error. 
The  RMS  beanng  errors  were  allowed  to  vary  with  range 
as  suggested  by  the  well-known  Ross  curve,  while  the 
RMS  range  error  was  set  at  (2000/Range)  percent,  except 
that  the  error  could  not  be  less  than  10%  of  range  fm  Hne 
with  expected  values). 


8  Locations  ot  the  3  Of  sires  (X)  and  the  limits  (O)ot  the  grid 
o t  trtn' mitten  considered  tor  Network  D.  The  latitude  and 
longitude  lines  are  gNen  for  every  rtf. 


The  simulated  LOBs  and  ranges  were  set  up  by  a  main 
program  which  then  called  in  a  standard  fixing  algorithm 
to  determine  the  corresponding  target  location.  The 
parameters  discussed  in  this  paper  are  the  area  of  the 
elliptical  90%  confidence  region,  and  the  median 
percentage  miss  distance  for  the  8  x  8  transmitters  (the 
distances  between  the  correct  locations  and  the  Best 
Position  Estimates  (BPEs))  returned  by  the  fixing 
algorithm.  The  effect  of  introducing  a  random  error  into  the 
correct  location  of  a  transmitter  (such  as  would  be  caused 
by  site  errors  or  tilts)  is  to  increase  the  median  miss 
distances,  and  to  prevent  them  from  approaching  zero. 
There  is  negligible  effect  on  the  area  of  the  ellipse.  This 
point  will  not  be  pursued  further  here. 

5-3  Results  for  Network  D 

Table  1  presents  the  median  values  of  the  elliptical  area 
and  miss  distances  for  the  8  x  8  gridpoints,  for  different 
sample  sizes.  There  are  three  different  parameters  or 
situations  for  which  we  need  to  compare  the  two 
measures  of  error:- 

1.  Sample  size 

2.  Number  of  stations 

3.  Inclusion  of  range  estimates. 

Note  that  the  exact  values  of  the  entries  in  the  table  are 


STATIONS 

RANGES? 

N-5 

N-12N- 

19N*38 

AREA 

3 

YES 

256 

107 

67 

34 

3 

NO 

318 

132 

83 

42 

2 

YES 

497 

201 

127 

63 

2 

NO 

645 

272 

171 

84 

MISS 

3 

YES 

7 5 

52 

4.4 

35 

3 

NO 

85 

7.0 

4.7 

35 

2 

YES 

13.6 

5.4 

5  2 

35 

2 

NO 

11.7 

8.8 

7.0 

58 

Table  1  Median  values  of  the  elliptical  search  areas  and  miss 
distances  tor  different  sample  sizes,  lor  Network  D.  The 
number  ot  Df  sites  is  either  2  or  3,  end  range  estimates  may 
or  may  not  be  Included. 
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not  important 

5.3.1  Sample  Size 

For  an  infinite  sample  size,  N,  the  area  of  the  ellipse  can 
be  expected  a  priori  to  approach  an  asymptotic  limit,  and 
this  trend  can  be  seen  in  the  table.  The  decrease  in  area 
with  increasing  sample  size  is  in  fact  quite  dramatic.  For 
example,  the  top  line  in  the  table  shows  a  halving  of  the 
area  for  each  increase  in  sample  size.  The  median  miss 
distance,  on  the  other  hand,  should  asymptote  to  zero, 
provided  the  errors  introduced  into  the  simulated 
observations  are  truly  random.  For  example,  for  a  3-station 
fix  including  ranges  (line  5).  the  median  miss  distance 
decreases  from  7.8  km  to  3.8  km. 

The  rapid  increase  in  the  area  of  the  ellipse  as  the  sample 
size  decreases  (read  the  table  from  right  to  left)  highlights 
the  fact  that  a  small  sample  size  is  net  necessarily 
representative  of  the  total  population  of  observations,  and 
draws  attention  to  the  need  for  as  many  observations  of  a 
given  transmitter  to  be  obtained  as  possible. 

5.3.2  Number  of  Station! 

The  effect  of  the  number  of  stations  can  be  determined 
from  a  fixed  column  in  the  table,  taking  the  entries  in  pairs, 
according  as  range  estimates  have  been  included  or  not 
For  example,  the  N=38  column  for  the  first  four  rows 
shows  that  ignoring  one  station  (DF3)  leads  to  a  doubling 
of  the  area  of  the  ellipse  (from  34  km'  to  63  km1;  and  from 
42  to  84  km1). 

5.3.3  Inclusion  of  Range  Estimates 

The  effects  of  including  range  estimates  can  be 
determined  from  alternate  lines  of  the  table,  corresponding 
to  YES  (ranges  included)  or  NO.  The  table  shows  that 
there  is  about  a  25%  increase  in  the  elliptical  area  when  no 
range  estimates  are  available  for  a  three-station  network, 
and  about  a  33%  increase  for  a  two-station  network 
(without  DF3).  As  expected,  the  effect  of  not  having  range 
estimates  is  greater  for  the  network  with  the  smaller 
number  of  stations.  The  median  value  of  the  miss  distance 
also  increases  on  average  when  the  range  estimates  are 
excluded,  but  the  effect  is  small  and  not  consistent. 

The  results  show  that  the  inclusion/exclusion  of  range 
estimates  does  not  have  dramatic  effects,  certainly  not  as 
large  as  those  of  removing  a  station  or  decreasing  the 
sample  size.  This  is  presumably  because  the  size  of  the 
DF  net  is  commensurate  with  the  size  of  the  region  being 
monitored,  and  the  geometry  is  favorable  for  the  LOB 
approach.  The  relative  effects  of  the  different  errors  also 
depend,  of  course,  on  the  philosophy  adopted  in  the  fixing 
algorithm. 

In  other  situations,  in  which  the  size  of  the  DF  network  is 
much  smaller  than  the  region  being  monitored  and  the 
geometry  becomes  very  unfavorable  (see  Section  5.6,  for 
example),  it  is  the  accuracy  of  the  range  estimates  which 
controls  the  overall  accuracy  of  the  DF  network.  For  the 
present  case,  it  is  only  when  the  geometry  becomes 
extremely  unfavorable  that  the  use  of  range  estimates 
becomes  important. 

The  elliptical  areas  for  each  latitude/longitude  gridpomt 
have  been  calculated  for  four  cases  -  3  stations,  with 
ranges;  3  stations  without  ranges;  2  stations  with  ranges; 
2  stations  without  ranges.  The  largest  effects  of  excluding 
the  range  estimates  occur  for  gridpoints  along  the  DF1- 
DF3  axis  (the  south-west  gridpoints);  and  along  the  DF1- 


DF2  axis  (the  south-east  gridpoints).  The  latter  increases 
are  particularly  large  when  DF3  isremoved,  typically  a 
factor  of  three. 

5.4  Results  for  Network  A 

Grid-point  maps  and  associated  contour  plots  of  the  area 
of  the  90%  search  ellipse  for  Network  A  are  given  in 
Figures  9,  10  and  11.  The  sample  size  wqs  set  at  five 
observations  of  each  transmitter  by  each  station,  and  a 
daytime  Ross  curve  was  used  to  estimate  the  variance  of 
the  bearing.  Figure  9  gives  the  results  for  the  situation  in 
which  all  four  stations  can  hear  a  transmitter,  Figure  10 
gives  the  results  for  the  three  southernmost  stations 
(excluding  DF1 ).  The  contours  enclose  regions  with  search 
areas  of  500, 1000, 1500  and  2000  km*. 


9  Calculated  90%  elliptical  search  areas  ( In  krrf)  lor 
transmitters  located  at  each  or  the  latitude-longitude 
gndpotnts  lot  Network  A.  The  gridpoints  are  separated  by  S'. 
The  contour  lines  Include  search  areas  less  than  500.  1000. 
1500  and  2000  km1.  All  lour  SSL  sites  have  been  Included. 


10  Calculated  90%  elliptical  search  areas  (In  km’)  lor 
transmitters  located  at  each  of  the  lathuderiongltude 
gridpoints  lor  Network  A.  The  gridpoints  are  separated  by  5*. 
The  contour  lines  Include  search  areas  less  than  500,  1000, 
1500  and  2000  krrf.  The  northernmost  SSL  site  (DF1)  has 
been  excluded. 

Figure  9  presents  no  surprises,  with  35  gridpoints  having 
search  areas  less  than  500  km*.  When  only  the  three 
southernmost  stations  are  used  (Figure  10),  the  region 
with  search  areas  less  than  500  km*  decreases  to  20 
gridpoints.  The  search  areas  increase  to  over  10*  km’  at 
the  extreme  edges  of  the  area  being  considered. 
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11.  Calai  -d  90%  a lltpdcal  saerch  ants  (in  knf)  lot 
trtnamlaart  xaW  at  aacti  of  the  ItOudeJongltude 
gridpoints  lot  Network  A.  The  grid  points  art  separated  by  S’. 
The  contour  lints  Include  starch  anas  less  than  500,  1000, 
1500  and  2000  tori'.  Tht  northernmost  DF  site  has  b ton 
excluded,  and  ranga  estimates  have  not  bttn  Inchidad. 
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12.  Median  valuta  of  tha  atHpdcal  starch  araaa  as  a  function 
d  sample  aria.  Than  m  lour  casts  -  a.  DPI  ody;  b.  0F2 

only,  c.  Both  DF1  and  DF2,  with  nnga  estimates;  d  BothDFl 
and  DF2,  with  no  ranga  estlmatas. 


Figure  11  presents  the  results  tor  the  same  situation  as 
Figure  10  (DF1  excluded),  except  that  range  estimates 
have  not  been  used,  only  the  LOBs.  Without  DF1,  the 
network  collapses  almost  to  a  straight  line,  which  is  a  very 
poor  choice  of  geometry  for  a  DF  network.  As  would  be 
expected,  the  search  areas  become  very  large  for 
transmitten:  Iving  along  the  extension  of  the  DF  baseline, 
to  the  north-east  and  south-west.  Some  very  large  errors 
arise  for  transmitters  lying  between  DF2  and  DF4.  The 
errors  also  increase  rapidly  in  the  north-east  and  south¬ 
west  directions  for  transmitters  500  km  or  so  from  DF4 
and  OF2.  This  rapid  increase  is  exemplified  by  the  very 
closely-spaced  contour  lines. 

5.5  Results  for  Network  C 

There  are  two  cases  to  consider  here,  the  accuracy  of 
each  SSL  site  acting  independently,  and  the  accuracy  of 
the  two  acting  together.  Following  the  procedures 
described  earlier,  numbers  of  values  of  azimuths  and 
ranges  have  been  generated,  randomly  distributed  about 
the  correct  values,  and  passed  to  the  fixing  algorithm.  The 
results  are  discussed  here  m  terms  of  the  median  value  of 
the  elliptical  search  areas  for  the  8  x  10  gridpoints.  Figure 
12  shows  how  the  median  value  decreases  with  sample 
size,  for  several  cases  -  (a)  DF1  only;  (b)  DF2  only;  (c) 
DF1  and  DF2,  with  range  estimates;  (d)  DF1  and  DF2,  with 
no  range  estimates.  Case  (d)  corresponds  to  the 
traditional  LOB  approach. 

It  can  be  seen  from  Figure  12  that  there  are  two  ways  to 
reduce  the  size  of  the  elliptical  area,  firstly  by  increasing 
the  sample  size,  and  secondly  by  using  a  second  SSL  site. 
In  fact,  the  two  procedures  may  be  considered  identical  in 
some  respects,  since  adding  a  second  SSL  station 
doubles  the  sample  size.  For  a  given  sample  size,  the 
areas  are  significantly  greater  for  DF1  man  they  are  for 
DF2.  This  is  because  DF1  Is  at  one  comer  of  the  grid,  and 
the  areas  increase  with  the  length  of  the  circuit  When  both 
sites  can  hear  the  transmitter,  the  size  of  the  areas  drops 
significantly.  The  advantage  of  having  range  estimates  is 
not  as  great  as  being  able  to  hear  the  transmitter  from 
both  sites.  The  size  of  the  search  area  changes  with  the 


position  of  the  gridpoint,  the  main  effect  being  an  increase 
in  the  area  with  circuit  length.  When  range  estimates  are 
not  available,  the  areas  in  the  western  half  of  the  gnd 
increase  by  a  factor  of  3.  The  calculations  become 
unreliable  for  those  gridpoints  located  near  the  extension 
of  the  DF1-DF2  baseline,  because  of  the  unfavorable 
geometry. 

5.6  Results  for  Network  E 

The  problem  with  Network  E  is  to  monitor  a  very  large 
area,  using  several  DF  sites  with  a  small  baseline.  The 
assumed  locations  of  the  DF  stations  are  illustrated  in 
Figure  13,  along  with  the  area  to  be  monitored.  The 
relatively  short  baseline  brings  with  it  very  unfavorable 
geometry  for  a  network  solution  based  on  LOBs,  except 
for  transmitters  within  about  500  km  or  so  from  the  DF 
sites.  The  SSL  approach  to  position  estimation  is  therefore 
mandatory  for  most  transmitters. 


13  Locations  d  tha  3  DF  sitas  (X)  and  the  limits  (0)  d  the 
grid  of  transmitters  considered  lor  Network  E.  Tire  latitude 
and  longitude  lines  an  given  tor  every  if. 

For  this  particular  application,  the  relative  productivities  of 
the  LOB  and  SSL  approaches  are  not  important,  since  the 
S/N  ratios  at  each  DF  station  would  be  almost  the  same 
for  all  target  transmitters  because  of  the  relatively  small 
separation  of  the  DF  stations.  This  is  m  sharp  contrast  with 
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other  scenarios  for  which  the  productivity  issue  is 

paramount.  The  accuracy  issue  is  more  important  than  the 

productivity  issue,  especially  for  those  transmitter  locations 
for  which  the  available  DF  network  offers  very  poor 
geometry  for  a  network  solution.  The  productivity  issue 
would  be  more  important  for  transmitters  within  about  600 
to  1000  km  of  the  DF  sites,  but  these  are  not  our  main 
concern  here. 


Table  2  lists  the  median  percentage  miss  distances  for 
transmitters  located  at  the  intersections  of  pseudo-latitudes 
from  OK  to  30*N,  and  pseudo-longitudes  from  0*E  to  30*E. 
These  results  were  derived  using  the  techniques  described 
in  Section  5.2,  but  with  one  important  modification.  One 
difficulty  with  using  simulated  observations  derived  by 
randomizing  the  correct  values  is  that  the  errors  tend  to 
average  out  In  an  effort  to  overcome  this  effect,  the 
program  was  looped  through  the  calculations  of  the  miss 
distances  a  number  of  times  (typically  5),  and  the  largest 
miss  distance  derived  for  each  latitude/longitude  gridpoint 
selected.  A  "worst  case"  scenario  is  thus  built  up,  and  this 
is  what  is  given  in  the  table. 
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and  north-east  portions  of  the  area.  The  minimum  errors 
occur  for  transmitters  located  dose  to  the  perpendicular 
bisector  of  the  DF  baseline,  i.e.,  roughly  from  north-west 
to  south-east. 

6.  ADVANTAGES  1  DISADVANTAGES  OF  THE  LOB  1 
SSL  APPROACHES 

6.1  Introduction 

The  previous  sections  have  provided  sufficient  background 
to  allow  a  comparison  to  be  made  between  the  traditional 
LOB  technique  of  position  estimation  and  the  SSL 
technique.  In  fact,  the  two  approaches  are  complementary. 

64  Advantages  of  the  SSL  Approach 
Most  of  the  advantages  of  the  SSL  approach  arise  directly 
from  the  ability  of  an  SSL  site  to  work  by  itself,  and  the 
ability  to  work  short-range  targets.  The  advantages  indude 

1.  Only  one  (self-contained)  station  is  required. 

1.1  This  simplifies  the  logistics  and  personnel 
requirements,  decreases  the  support  costs,  and  minimizes 
the  need  for  site  defense  and  security. 

1.2  There  is  no  confusion  as  to  which  transmitter  is  being 
worked. 

1.3  There  is  no  need  for  a  sophisticated  system  of 
network  communications  to  coordinate  simultaneous 
measurements  on  target  transmitters. 

2.  With  tilt  correction,  it  is  possible  to  work  short-range 
transmitters. 

3.  The  elevation  angles  of  the  incoming  waves  are 
measured  and  used,  rather  than  simply  ignored.  The  SSL 
procedure  therefore  takes  greater  advantage  of  the 
available  information. 

6.3  "Disadvantages"  of  the  SSL  Approach 

1.  For  best  results,  an  ionosonde  such  as  the  Andrew 
sounder  T1LTSONDE™  is  required 

1.1  Although  TILTSONDE™  is  an  LPI  instrument,  it  is  still 
an  active  instrument.  TILTSONDE™  can  thus  potentially 
interfere  with  other  nearby  sensitive  receiving  equipment, 
and  can  potentially  be  located  by  an  opposition  SSL 
system.  [In  practice,  the  potential  in  both  cases  seems  to 
be  exceedingly  low.) 

1 .2  The  requirement  for  an  ionosonde  brings  with  it  extra 
costs  (per  site),  the  need  for  extra  logistic  support,  extra 
antennas  and  ionogram  interpretation  skills. 

2.  By  itself,  a  SSL  site  cannot  determine  the  order  of  the 
propagation  mode,  i.e.  the  number  of  hops.  This  is  the 
hop  ambiguity. 

3.  Even  with  a  co- located  ionosonde,  it  is  possible  for  an 
E,  propagation  mode  to  be  wrongly  identified  as  a  normal 
F  mode,  and  vice  versa,  because  of  the  low  spatial 
correlation  distance  of  E,.  The  presence  of  E,  may  also 
lead  to  M  and  N  modes,  which  cannot  be  identified  simply 
on  the  basis  of  the  observed  AOA.  This  is  the  E. 
ambiguity. 


The  table  shows  that  the  effects  of  including  range 
estimates  is  to  decrease  the  median  miss  distances  for  the 
area  covered  by  a  factor  of  5.  The  inclusion  of  a  third  DF 

station  (DF3)  has  little  effect.  The  largest  errors  occur 
general  in  the  south-east  arid  north-west  of  the  area 

being  monitored,  with  a  local  increase  in  error  near  the  DF 

stations  themselves.  The  DF  stations  are  located 
approximately  at  the  middle  of  each  section  of  the  table. 
The  accuracy  advantage  offered  by  the  use  of  range 

estimates  reaches  a  factor  of  10  or  more  in  the  south-west 


6.4  Advantages  of  the  LOB  Approach 

1.  There  are  no  hop  or  E,  ambiguities. 

2.  Especially  for  long-range  transmitters,  when  the 
uncertainty  in  range  estimates  can  become  quite  large 
compared  to  the  effects  of  a  typical  bearing  error,  the 
network  approach  is  able  to  provide  more  accurate 
position  estimates  than  the  SSL  approach.  [However  this 

superior  accuracy  is  predicated  on  a  reasonable  geometry 

and  on  more  than  one  DF  site  being  able  to  hear  the 
transmitter.) 
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6.5  Disadvantage*  of  the  LOB  Approach 

1.  Increased  costs.  Although  each  she  may  be  cheaper 
than  an  SSL  she,  more  sites  are  required.  This  bnngs  with 
it  all  of  the  features  arising  from  having  to  maintain  more 
than  one  she  •  assuming  that  conditions  are  such  that 
more  than  one  suitable  she  is  available  in  the  first  place. 

2.  The  need  for  network  communications.  An  LOB  she 
cannot  work  alone,  and  all  results  rely  on  the  exchange  of 
information  around  the  network.  This  information  will 
include  such  things  as  the  frequency  and  modulation  of 
the  target  transmitter,  any  identifying  information,  and  the 
LOBs  observed  from  each  she  which  can  hear  the 
transmitter. 

3.  By  themselves,  LOBs  are  completely  useless  for  short- 
range  targets,  since  they  are  so  heavily  affected  by  the 
local  ionospheric  tits. 

4.  The  productivity  of  a  network  can  be  very  low, 
especially  when  3  or  4-she  fixes  are  required. 

5.  The  approach  needs  favorable  geometries,  preferably 
with  the  LOBs  cutting  at  right  angles.  When  all  available 
LOBs  are  similar,  such  as  when  the  available  baseline  is 
short  compared  to  trie  area  being  monitored,  very  large 
errors  are  likely  [unless  estimates  of  the  ranges  are  also 
available]. 

6.6  Some  Remedies 

Provided  a  reasonable  geometry  is  available,  the  main 
problem  with  the  LOB  approach  is  that  of  productivity.  Put 
simply,  the  LOB  approach  requires  that  the  frequency  of 
the  target  transmitter  lies  between  the  LUF  and  MUF  for 
the  circuits  to  all  OF  sites.  If  the  frequency  is  too  high  on 
the  shorter  circuits,  nothing  can  be  done,  since  the  DF  site 
lies  inside  the  skip  zone.  However  if  the  problem  is  one  of 
the  target’s  frequency  suffering  from  high  amounts  of 
absorption,  the  possibility  exists  for  the  signals  to  be 
processed  using  modem  DSP  techniques. 

The  disadvantages  of  the  SSL  approach  include  the  use  of 
S'i  active  sounding  instrument  (lonosonde),  and  the  E,  and 
f. . ambiguities  if  only  one  SSL  site  is  available.  If  the 
fomier  is  found  to  be  a  problem,  the  possibility  exists  for 
extensive  monitoring  of  check  targets  [11],  in  order  to  set 
up  -•  -  T  active  VI  ionogram,  or  to  update  an  ionospheric 
mo-. ,  •>.  -  tective  sunspot  number.  This  approach  can  tie 
up  u  o.\>  assets,  but  it  would  provide  a  more  accurate 
pos  =>  mate  than  the  use  of  synoptic  models  which 
are  r  ■  odated  on  the  basis  of  local  observations. 

The  E,  and  hop  ambiguities  can  often  be  removed  by  the 
use  of  ancillary  information,  such  as  language,  and 
national  and  natural  boundaries.  In  general,  position 
estimates  for  an  observed  elevation  angle  should  always 
be  given  in  terms  of  (1)  an  E,  propagation  mode  (including 
at  least  N  modes),  (2)  a  normal  propagation  mode,  and 
(3)  single  and  double-hop  propagation  modes. 


7.  CONCLUSION  -  THE  OPTIMUM  SOLUTION 

Generally  speaking,  the  SSL  approach  is  the  only  one 
possible  for  short-range  targets,  or  when  only  one  DF  site 
can  hear  the  transmitter;  the  SSL  and  LOB  approaches 
should  be  about  equally  accurate  for  medium-range 
targets;  and  the  LOB  approach  should  be  more  accurate 
for  long-range  targets,  especially  for  multi-hop  circuits 
However  in  this  last  case,  the  low  productivities  become 
an  important  issue. 

It  does  not  take  much  thought  to  recognize  that  the 
optimum  solution  is  to  have  all  existing  HF-DF  networks 
upgraded  to  HF-SSL  networks.  Any  new  networks  (of  one 
or  more  sites)  should  be  made  SSL  networks 
automatically,  with  the  appropriate  number  and  locations 
of  the  nodes  being  determined  by  simulation,  in 
conjunction  with  extraneous  constraints.  The  LOB  and  SSL 
approaches  would  then  nicely  complement  each  other. 

A  network  of  SSL  sites  can  not  only  perform  all  the 
standard  functions  of  an  LOB  network,  but  also  offers  the 
advantages  of  being  able  to  work  snort-range  transmitters, 
of  offering  higher  productivities,  and  of  being  able  to 
provide  a  solution  when  only  one  DF  site  can  hear  a 
transmitter.  Networks  of  SSL  sites  are  also  more  stable 
against  loss  of  a  member  than  are  networks  of  LOB  sites. 
In  fact,  one  SSL  site  can  in  many  situations  work  more 
targets  than  two  or  three  LOB  sites. 
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DISCUSSION 


P.  GEORGE 

1  have  a  difficulty  with  your  table  of  median  values  of  search  areas  and  distances  for  network  D.  I  agree  that  operational 
experience  shows  that  SSL  at  each  site  increases  the  productivity.  However,  operational  experience  of  more  than  30  years  also 
shows  that  inclusion  of  range  estimates  degrades  the  line  of  bearing  position  estimates  by  introducing  greater  variance.  My  question 
is  "what  range  accuracy  have  you  assumed  in  calculating  the  table?"  1  agree  with  respect  to  productivity  but  have  serious  trouble 
with  accuracy.  You  need  to  look  at  this  table. 

AUTHOR’S  REPLY 

I  agree  that  the  inclusion  of  range  estimates  will  degrade  a  fix  for  long-range  targets.  However,  for  the  simulations,  I  used  range 
errors  which  did  not  exceed  10%  of  range.  For  medium-range  circuits,  for  which  a  10%  range  error  is  reasonable,  an  SSL  fix  is  just 
as  accurate  as  a  two-station  LOB  cut.  The  ellipses  in  this  case  are  nearly  circular. 

C.GOUTELARD 

La  localisation  par  mesure  d'azimut  pr&ente  un  avantage  sur  la  localisation  SSL  en  guerre  fiectronique.  11  est  en  effet  plus  difficile 
pour  un  dmetteur  ennemi  de  brouiller  simultan&nent  plusieurs  sites  de  reception.  11  rencontre  en  effet  la  m&ne  difficult*  que  vous 
en  ce  qui  conceme  la  propagation  ionosphdriquc.  Ne  pensez-vous  done  pas  que  ceci  soil  un  argument  supldmentaixc  pour  conserver 
les  deux  systimes  dans  les  projets  stratdgiques? 

In  electronic  warfare,  azimuth  measurement  has  an  advantage  over  SSL  localization.  It  is  in  fact  more  difficult  for  an  enemy 
emitter  to  simultaneously  jam  several  receiving  si‘*s.  Actually,  the  enemy  emitter  encounters  the  same  problems  with  ionosphere 
propagation  as  you  do.  Don't  you  think  that  this  could  be  an  additional  point  in  favor  of  keeping  both  systems  in  strategic 
projects 1 

AUTHOR’S  REPLY 

You  are  quite  correct  It  is  much  harder  for  a  transmitting  site  to  avoid  being  intercepted  by  two  sites  than  by  one  site,  so  two  DF 
sites  are  clearly  better  than  one.  A  judicious  choice  of  operating  frequency  can  in  fact  make  things  hard  for  a  single  SSL  system  to 
provide  an  accurate  position  estimate. 

LEROUX 

Comment,  pour  un  site  faible,  discriminez-vous  une  onde  de  sol  d’une  onde  ionosphfrique  tris  floignfe? 

For  a  low  elevation  angle,  can  you  discriminate  a  ground  wave  from  a  sky  wave?  In  one  case  £><70  km,  in  the  other  DZ1000  km. 

AUTHOR’S  REPLY 

A  skywave  and  groundwave  can  often  be  differentiated  by  an  operator  because  of  the  fading  which  exists  on  the  skywave.  It  may 
also  be  possible  to  distinguish  between  them  using  the  quality  factors  ascribed  to  each  angle  of  arrival  measurement. 

R.  ROSE 

I  agree  with  your  general  comments  about  SSL  and  their  shortcomings.  However,  on  a  global  basis,  my  experience  with 
BULLSEYE  shows  that  you  need  as  many  sites  as  possible.  In  limited  areas,  such  as  designing  a  net  to  cover  Australia,  netted  SSL 
may  be  appropriate.  On  a  global  basis,  netted  azimuth-only  systems  with  large  wide  aperature  antennas  are  more  appropriate. 

AUTHOR’S  REPLY 

The  point  I  make  in  my  paper  is  that  large  wide-aperature  systems  are  becoming  less  available  in  the  current  era.  I  also  find  it  hard 
to  believe  that  the  world  wide  nets  do  not  suffer  from  low  productivities. 
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■moan 

A  staple  parametric  target  model  fitting 
algorithm,  to  give  a  least  squares  fit  to 
the  observed  in-phase  and  quadrature  data 
across  a  linear  sampled  aperture  array,  is 
outlined.  The  performance  of  this 
algorithm  with  various  simulated  signals 
and  noise  levels  is  presented.  In 
particular,  it  is  shown  that  this  approach 
is  quite  robust  in  the  presence  of  noise. 
The  algorithm  was  developed  for  the 
analysis  of  data  obtained  on  a  large  HF 
sampled  aperture  receiving  array  operated 
near  Ottawa.  An  example  of  this  analysis 
is  given.  In  this  instance  a  long  range 
signal  exhibiting  typical  ionospheric 
fading  (on  individual  array  elements)  is 
shown  to  be  resolvable  into  three  stable, 
coherent  components  spread  over  a  2.5*  arc. 

LIST  OF  FRXBCIFAL  SYMBOLS 

s  suffix  denoting  array  element,  -w<s<w 

t  suffix  denoting  incident  wave,  l<t<v 

A  wavelength 

d  element  spacing 

D  element  spacing  in  radians,  i.e.  2nd /A 

at  incident  wave  amplitude 

fit  incident  wave  phase,  at  centre  element 

a,  incident  wave  direction  of  arrival, 
measured  from  boresite 

P».»'  *Jt,«  in-phase  and  quadrature 

components  of  incident  wave 
t  at  element  s 

P,,  Q ,  observed  in-phase  and 

quadrature  components  at 
element  s 

A,,  B,  observed  amplitude  and  phase 

at  element  s 

()„  initial  point  for  Taylor's  expansion 


l.  XRTRODUCTXOm 

Between  1969  and  1980  the  Communications 
Research  Centre,  sponsored  by  the  Canadian 
Department  of  National  Defence,  operated  an 
extensive  High  Frequency  Direction  Fit  ding 
(HFDF)  research  programme.  The  objective 
of  this  programme  was  to  investigate  and 
evaluate  the  effects  of  the  ionosphere  on 
DF  accuracy.  To  this  end,  an  advanced 


Sampled  Aperture  Receiving  Array  (SARA)  was 
developed  near  Ottawa.  This  was  used  in 
conjunction  with  a  portable  beacon  trans¬ 
mitter  operated  at  various  sites  in  Canada 
and  the  USA  to  study  bearing  errors  on  a 
wide  range  of  propagation  paths.  A  detailed 
description  of  this  instrumentation  has 
been  given  by  Rice  and  Hinacott  (Ref.  1). 

The  principal  mode  of  experimental 
operation  and  analysis  was  to  transmit  a 
signal  that  would  allow  the  separation  of 
multiple  ionospheric  paths  (if  present). 
Measurement  of  the  direction  of  arrival  of 
individual  paths  could  then  be  made  by  a 
spatial  Fourier  analysis,  or  more  commonly, 
by  a  least  squares  straight  line  fitting  to 
the  observed  phase  variation  across  the 
array  (Ref.  2) .  Path  separation  was 
achieved  by  exploiting  either  range  or 
Doppler  variations.  In  the  former  case  by 
using  a  swept  frequency  CW  signal,  and  in 
the  latter,  by  a  CW  signal  with  dwell  times 
long  enough  to  permit  resolution. 

A  variety  of  algorithms  giving  angular  (or 
in  a  more  general  sense  spectral) 
resolution  superior  to  that  achieved  by 
conventional  Fourier-based  analysis,  have 
appeared  in  recent  years.  Perhaps  the  best 
known  of  these  is  the  MUSIC  algorithm  (Ref. 
3).  Several  comparative  performance 
studies  and  reviews  of  these  techniques 
have  been  published  (see,  for  example.  Ref. 
4  and  Ref.  5).  Of  the  various  algorithms 
the  Parametric  Target  Model  Fitting  (PTMF) 
approach  appears  well  suited  to  HFDF 
requirements  because  of  its  ability  to 
handle  correlated  targets,  a  requirement  if 
ionospheric  path  separation  is  to  be 
achieved  on  general  signals  when  recourse 
to  other  methods,  such  as  mentioned 
previously,  cannot  be  made. 

During  the  experimental  lifetime  of  the 
Canadian  HFDF  programme,  very  little  effort 
was  directed  toward  the  application  and 
evaluation  of  these  "superresolution" 
techniques,  as  they  were  only  attracting 
serious  attention  near  the  end  of  the 
programme.  Since  that  time,  however,  the 
development  and  testing  of  an  analysis 
algorithm  based  on  the  PTMF  approach  has 
been  carried  out.  This  method,  referred  to 
here  as  the  Least  Squares  Fit  (LSF) 
algorithm,  gives  the  set  of  incident  plane 
waves  that  provides  a  match,  in  a  least 
squares  sense,  to  a  (single)  set  of  in- 
phase  and  quadrature  data  across  a  sampled 
aperture  array.  Such  a  "snap-shot"  will  be 
referred  to  as  a  frame  of  data.  This  type 
of  analysis  is  well  suited  to  the  important 
problem  of  direction  finding  on  very  shcrt 
duration  signals. 
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t.  uui  igmutsa  in  aloouthm 

Consider  the  linear  array  shown  in  Figure 
1.  The  in-phase  and  quadrature  cosponents 
of  incident  wave  t  at  eleaent  s  are: 

p,t  -  at  sin(pc  +  sDsin  a  c) 


q,  t  -  at  cos(Pt  ♦  aDsin  ae) 

In  general,  there  is  no  solution  for  the  3v 
wave  variables  that  will  provide  a  natch  to 
the  2 (2w+l)  observed  phase  and  quadrature 
components  since: 

2  (2w+i)  >  3v 

Therefore  a  solution  is  sort  that  provides 
a  match  in  a  least  squares  sense,  i.e.,  one 
that  minimises  the  error: 


V 

v  y 

1  V 

BW-  £ 

♦ 

0.  -  E  «..« 

5— Ilf 

c-l  j 

\  t-i 

This  expression  is  not  a  simple  second 
order  function  of  the  wave  variables  and  a 
direct  least  squares  analysis  cannot  be 
performed.  An  iterative  procedure,  in 
which  a  starting  point  in  the  wave  variable 
space  is  chosen  and  progressively  moved  to 
the  point  of  minimum  error,  must  be 
employed.  For  the  exploratory  work 
described  in  this  paper,  where  performance 
not  computational  efficiency  is  at  issue, 
the  procedure  outlined  below  has  been 
utilized. 


Substituting  (2)  and  (3)  into  (1)  gives  a 
second  order  error  function  that,  around 
the  starting  point,  approximates  (1). 

Doing  a  standard  least  squares  analysis 
(i.e.  equating  the  partial  differentials 
with  respect  to  each  of  the  delta  wave 
variables  to  zero)  on  this  approximate 
error  function,  yields  the  set  of  equations 


M'M  X  -  M'v  (4) 

where 


P-.-  £  (*>.„.:)„ 

t-1 

8a. 
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t-1 

««v 

o „  -  £  («„.«). 

t-1 

At  a  chosen  starting  point,  Taylor's 
expansion  is  used  to  form  a  limited  linear 
relationship  between  the  wave  variables  and 
their  phase  and  quadrature  components. 

*  (%r).*"’  *  (%r).*‘‘  (2) 


«•  •  ■  (tS? ).  '*•  *  (tv? ).  •  •  (iff? ).  *•••(«.  J.  ( 3 ) 


where  ac  -  <at)  0  +  8 at 

Pf  <Pt>o-»Pt 

«t  -  <«.).♦*«» 


The  Gauss-Seidel  iterative  procedure  is 
then  applied.  This  procedure  is  convergent 
for  simultaneous  equations  having  a 
positive  definite  matrix  form,  such  as  (4), 
and,  most  importantly,  the  parent  error 
function  decreases  monotonically  with  each 
iteration  (see,  for  example,  Ref.  6).  The 
iterative  procedure  is  allowed  to  continue 
until  the  current  iterative  solution 
reaches  a  boundary  set  by  the  accuracy  of 
the  Taylor's  expansions.  These  expansions 
and  equation  (4)  are  then  re-evaluated  at 
this  point  and  the  iterative  procedure  is 
restarted.  This  continues  until  a  point  is 
reached  where  the  solution  varies  less  than 
some  prescribed  amount  over  a  given  number 
of  iterations,  the  required  error  minimum 
is  then  considered  to  have  been  have  been 
reached. 


Fig.  l.  Linear  array  of  (2w+l)  elements 


In  common  with  many  problems  of  this  type, 
since  the  error  function  (1)  is  not  a 
simple  second  order  function  of  the  wave 
variables  it  does  not  necessarily  have  a 
single  minimum.  In  general,  a  true  minimum 
and  a  number  of  pseudo  minima  will  exist. 

It  is,  therefore,  necessary  that  the 
starting  point  be  chosen  such  that  the 
iterative  solution  path  will  not  encounter 
a  pseudo  minimum  or  it  will  hang  up  there. 

To  establish  the  starting  point,  a 
conventional  summed  beam  is  fomed  from  the 
in-phase  and  quadrature  data  and  swept  over 
the  directions  of  interest.  The  amplitude 
and  phase  of  the  summed  beam,  phased  to 
point  in  the  direction  a,  are  given  by: 
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signals.  This  is  illustrated  in  Figure  3 
tor  three  pairs  of  incident  waves  of  equal 
amplitude,  12*  directional  separation  and 
0*,  90*,  and  180*  phase  differences.  At 
this  angular  separation  the  0*  waves  are 
unresolved,  the  90*  waves  are  just 
distinguishable  as  separate  peaks  and  the 
180°  waves  are  clearly  resolved. 


tfhtzt  A,  -  JPi  ♦  0i 

B,  -  TAN'MP„C.l 
y  •  -iDtin U) 

In  practice  a  raised  cosine  weighting  is 
incorporated  in  (5)  and  (6) ,  this  has  been 
omitted  here  for  clarity.  Amplitude,  phase 
and  direction  of  arrival  starting  points 
are  taken  at  directions  where  the  swept 
beam  exhibits  clear  amplitude  peaks. 

As  well  as  the  starting  point(s),  the 
number  of  waves,  v,  in  the  solution  must  be 
determined.  A  lower  limit  to  the  value  of 
v  is  the  number  of  clear  peaks  determined 
by  the  swept  beam  algorithm.  However,  if 
incident  waves  are  sufficiently  close  in 
their  direction  of  arrival  as  to  be 
unresolved  by  the  swept  beam,  v  may  be 
larger  than  this.  It  is  then  necessary  to 
progressively  increase  v  above  the  lower 
limit  until  the  error  function  minimum  does 
not  significantly  decrease  further.  This 
will  be  illustrated  in  the  next  section. 

3.  tar  ALGORITHM  PIRFORMAMCl 

To  demonstrate  the  characteristics  and 
performance  of  the  LSF  algorithm,  a  simple 
linear  array  with  11  elements  at  a  half¬ 
wave  spacing,  is  considered.  This  array 
has  an  unweighted  half-power  beam  width  of 
9.5*  which  increases  to  12*  when  a  raised 
cosine  weighting  is  applied.  These  beam 
patterns  are  shown  in  Figure  2.  The 
resolution  capability  of  this  array  under 
the  conventional  swept  beam  analysis,  (5) 
and  (6),  is  a  function  of  both  the  relative 
amplitudes  and  phases  of  the  incident 
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Fig.  2.  Unweighted  (broken  line)  and 
weighted  (solid  line)  beam 
patterns  of  a  linear  array  of 
eleven,  half-wave  spaced 
elements. 
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Fig.  3.  Amplitude  (lower)  and  phase 

(upper)  of  the  summed  beam  as  a 
function  of  direction  for  two 
incident  waves  at  +6*  and  -6*, 
with  equal  amplitudes  and  phase 
differences  as  shown. 


The  question  of  the  range  of  starting 
points  for  the  LSF  algorithm  is  not  easily 
answered  because  the  error,  being  a 
function  of  the  3v  wave  variables,  is  not 
easily  studied.  The  behaviour  of  the  error 
function  for  the  simplest  case,  a  single 
incident  wave  is  shown  in  Figure  4.  Here 
the  root  normalized  error,  i.e.: 

V£W!(2tM) 
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is  plotted  as  a  function  of  two  of  ths 
three  variables  (the  third  being  set  to  its 
correct  value) .  It  can  be  seen  that  over  a 
range  greatly  in  excess  of  the  resolution 
of  the  swept  beaa  analysis,  the  error 


Fig.  4.  Root  normalized  error  as  a 

function  of  amplitude  and  phase 
(upper)  and  direction  and  phase 
(middle  and  lower)  for  a  single 
incident  wave  with:- 

a  -  5.0 

0  =  75,0* 

a  =  15.0* 

In  each  case  the  third  variable 
has  been  set  to  its  correct 
value.  In  the  lower  figure  noise 
has  been  added  to  the  in-phase 
and  quadrature  data  to  give  a 
9.34  dB  signal-to-noise  ratio. 


function  is  well  behaved  (i.e.  does  not 
exhibit  pseudo  minima)  and  the  proper 
convergence  of  the  iterative  procedure  is 
assured. 

For  two  or  more  incident  waves  the  error  is 
a  complex  function  of  many  variables  and 
its  study  is  beyond  the  scope  of  this 
paper.  It  can  be  show  however,  that, 
whether  or  rot  the  waves  are  resolved  by 
the  swept  beam  analysis,  the  starting 
points  taken  from  it  are  well  within  the 
range  of  variable  space  where  the  error 
function  is  well  behaved. 

Like  most  deconvolution  techniques  the  true 
value  of  the  algorithm  lies  in  its 
performance  in  the  presence  of  noise.  A 
variety  of  evaluations  involving  the 
simulating  of  both  internal  (receiver)  and 
external  noise  have  been  conducted.  It  is 
outside  the  scope  of  this  paper  to  document 
these,  however  the  simple  simulations  shown 
in  Figures  S  and  6  and  Table  1  are  judged 
to  be  very  typical.  Here  pairs  of  normally 
distributed  random  numbers  of  the  form: 


J)1  -  Kcoa  (2*  J) 

R2  -  /ain(2*J)  /-llbs.in 


where 

I,J  =  uniform  random  numbers  between  0  £  1 

K  -  standard  deviation 

are  added  to  each  of  the  eleven  in-phase 
and  quadrature  pairs  and  the  resultant 
frame  of  data  analyzed.  Fifteen  such 
analyses  have  been  carried  out  for  each  of 
a  number  of  single  and  double  incident  wave 
scenarios  and  nominal  noise  levels.  (Actual 
noise  levels  produced  by  the  random  number 
generator  are  shown  in  the  figures.) 

The  effect  of  noise  on  the  deduced  phase 
and  direction  of  a  single  incident  wave  is 
shown  in  Figure  5.  It  can  be  seen  that  on 
an  individual  frame  basis,  an  accuracy  of 
about  one  tenth  of  a  beam  width  can  be 
achieved  at  a  10  dB  signal  to  noise  ratio. 
If  averaging  across  frames  is  introduced 
then  much  higher  accuracy  is  achieved. 

Two  incident  waves  with  directional 
separations  of  5*  and  2*  are  shown  in 
Figure  6.  These  waves  have  a  90*  phase 
difference  and  would  be  unresolved  with 
conventional  beam  forming  (compare  Figure 
3).  Comparis<  of  Figures  S  (lower)  and  6 
(upper  and  m*  i  .  i ,  which  all  have  the  same 
noise  level,  shows  a  progressive  decrease 
in  the  accuracy  of  the  derived  signals. 

This  is  attributable  to  the  interaction  of 
the  waves.  As  the  incident  waves  come 
closer,  and  become  less  well  resolved,  (4) 
becomes  more  ill-conditioned  and  so  more 
susceptible  to  noise.  To  achieve  a  tenth 
of  a  beam  width  resolution  (on  a  single 
frame  basis)  about  a  30  dB  signal  to  noise 
ratio  is  required. 

As  incident  waves  can  be  unresolved  under 
the  swept  beam  analysis  used  to  determine 
the  starting  point,  the  number  of  waves 
that  should  be  used  in  the  LSF  algorithm 
solution  is  uncertain.  The  correct  number 
of  waves  can  be  determined  from  the 
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residual  error,  l.e.  the  minimum  error 
observed  at  the  solution  point.  The 
residual  root  normalized  error  for  the 
various  simulations  described  above  and 
some  additional  ones  for  vavea  with  a 
directional  separation  of  1*  are  shown  in 
Table  1. 

The  first  line  of  the  of  the  table  is  the 
rms  in-phase  and  quadrature  noise  which  is 
equivalent  to  the  residual  error  when  no 
waves  are  present  (i.e.  background  noise). 
The  values  in  brackets  are  the  residual 
errors  for  single  wave  solutions  to  the  two 
wave  simulations. 

It  can  be  seen  that  when  the  correct  number 
of  waves  is  used  in  the  solution  the 
residual  error  is  about  at  the  back  ground 
noise  level  (actually  slightly  lower  as  the 
solution  to  some  extent  "accommodates"  the 
noise) .  When  too  few  waves  are  used  in  the 
solution,  the  residual  error  is 
significantly  higher.  If  the  back  ground 
noise  is  sufficiently  high  as  to  mask  this, 
then  in  fact  the  noise  is  too  high  to  allow 
the  waves  to  be  resolved.  For  example,  in 
Table  I  the  waves  with  l*  separation  could 
not  be  resolved  for  the  9.34  or  19.34  dB 
signal-to-noise  ratio  cases. 
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The  solution  has  too  nany  waves  when  the 
addition  of  another  wave  does  not 
significantly  reduce  the  residual  error. 
The  solution  in  this  case  is  generally  not 
erroneous,  one  or  more  of  the  waves  simple 
splits  into  two  components  with  the  same 
direction  of  arrival. 
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SIGNAL  TO  NOISE 

9.3«  dB 

19.34  dB 

29.34  dB 

39.34  dB 

eo 

WAVES 

1.206 

0.381 

0.121 

0.038 

0 

3.5* 

1.X30 

0.358 

0 

1"  \  6* 

0.328 

(2.095) 

0 

(2.084) 

2.5*  \  4.5* 

1.042 

(1.320) 

0.329 

(0.911) 

0.104 

(0.860) 

0 

(0.860) 

3*  \  4* 

1.026 

(1.188) 

0.330 

(0.544) 

0.105 

(0.440) 

0.035 

(0.431) 

0 

(0.4332) 

TABLE  1.  Residual  root  normalized  error  for  various  simulations. 


4.  APPLICATION  TO  SPOT 

The  SARA  facility,  developed  in  the  1968  to 
1972  time  frame  by  the  Communications 
Research  Centre,  lies  some  15  km  SW  of 
Ottawa  on  very  flat  unobstructed  terrain. 
The  array  consists  of  two  orthogonal  arms. 
The  long  arm  has  58  antenna  element 
positions  (foundation  and  cabling),  a 
central  portion  of  32  positions  at  a 
spacing  of  7.62  meters  (25  ft),  one 
position  ft  13.81  meters  (50  ft)  off  each 
end  of  the  central  portion,  and  12 
positions  at  38.10  meters  (125  ft)  outside 
these.  The  short  arm  has  32  positions 
similar  to  the  central  portion  of  the  long 
arm.  For  the  reception  of  obliguely- 
propagated  signals  elevated  feed  monopoles 
are  used,  however  these  may  be  replaced  by 
loops  for  the  reception  of  near  vertical 
incident  signals.  To  minimise  distortion 
of  the  incident  wave  field  all  the 
instrumentation  and  support  facilities  are 
housed  in  an  underground  laboratory  located 
beneath  the  ground  screen  near  the  junction 
of  the  two  arms  of  the  array.  A  complete 
description  of  the  facility  is  contained  in 
Ref.  1. 

For  detailed  analysis  in  this  paper  a  short 
section  of  21.88  Khz  CW  data  was  selected. 
This  was  recorded  during  cooperative  exper¬ 
iments  with  the  Naval  Ocean  Systems  Centre 
(NOSC) ,  when  the  beacon  transmitter  was 
located  near  San  Antonio,  Texas,  giving  a 
range  of  235S  miles  and  a  bearing  of  6.70* 
off  the  long  array  bore  site.  For  these 
experiments  only  half  the  central  antenna 
positions  were  populated,  giving  the  58 
element  lay  out  shown  in  Figure  7.  At 
21.88  MHz  the  spacing  of  the  closest 
elements  (central  section)  is  just  over  one 
wavelength  and  spurious  side  lobes  (or 
directional  ambiguities)  exist.  However 
the  closest  of  these  are  approximately  21* 
off  the  main  beam  and  are  not  a  problem 
when  data  from  a  known  source  is  under 
study.  A  more  positive  aspect  of  this 
large  element  spacing,  is  that  mutual 
coupling,  ignored  on  this  study,  will  be 
significantly  reduced.. 


Fig.  7.  Element  layout  of  SARA  facility. 


Frames  of  in-phase  and  quadrature  data  from 
the  58  receivers  were  recorded  approxi¬ 
mately  every  78  msec  and  the  analysis  of 
some  225  consecutive  frames  over  about  18 
sec  is  described  here.  The  signal  ampli¬ 
tude  recorded  on  three  individual  elements 
of  the  array  is  shown  in  Figure  8.  These 
show  typical  fading  patterns  which  are 
delayed  relative  to  each  other  in  the 
manner  of  ionospheric  "drift"  data. 

Application  of  the  LSF  algorithm,  to  data 
from  the  long  arm  of  the  array,  shows  the 
incident  signal  can  be  clearly  resolved 
into  three  components  with  amplitude,  phase 
variation  and  direction  of  arrival  as  shown 
on  Figure  9.  In  performing  this  analysis  a 
measure  of  automation  was  introduced,  in  so 
far  as  the  solution  for  one  frame  of  data 
was  used  as  the  starting  point  for  the 
next.  Only  on  the  first  frame  of  data  was 
the  swept  beam  analysis  used.  It  can  be 
seen  that  the  three  components  or  iono¬ 
spheric  paths  are  quite  stable.  The 
directions  of  arrival  show  little  fluctu¬ 
ation,  the  cumulative  phase  variations  are 
approximately  linear  (corresponding  to 
constant  Doppler  shifts) ,  and  the  ampli¬ 
tudes  show  nothing  of  the  deep  interference 
fades  that  occur  when  the  components  are 
not  separated  as  in  Figure  8. 


List . . 
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Fig.  8.  Amplitude  variation  observed  on  individual  elements. 

The  variation  on  element  5  is  delayed  roughly  1  sec 
relative  to  element  -3  and  4  sec  relative  to  element 
-IS. 


The  analysis  of  this  data  by  wavefront 
testing,  when  the  components  are  first 
separated  by  an  FFT  analysis  of  the  Doppler 
shifts,  has  also  been  carried  out.  The 
analysis  was  over  20  sec  (2S6  frames) 
giving  a  Doppler  resolution  of  0.0S  Hz. 
Three  large,  and  a  number  of  smaller 
Doppler  peaks,  were  observed.  The 
characteristics  of  the  three  principal 
peaks,  which  showed  good  phase  front 
linearity,  are  given  in  Table  2.  The 
agreement  with  the  LSF  algorithm  is  quite 
good. 


DOPPLER 

PEAK 

DOPPLER 

SHIFT 

(HZ) 

AMPLITUDE 

<UV) 

DIRECTION  I 
(Deg)  1 

1 

-0.05 

1.20 

-7.1  1 

2 

0.15 

0.47 

-5.5  I 

3 

0.30 

0.43 

-4.5  1 

TABLE  2.  Amplitude  and  direction  of 

arrival  of  the  three  principal 
Doppler  peaks. 


The  LSF  algorithm  may  he  regarded  as  a 
deconvolution  procedure,  providing  a 
direction  of  arrival  resolution  superior  to 
that  of  the  basic  instrument,  as 
represented  by  the  swept  beam  analysis.  A 
good  visual  evaluation  of  the  LSF  algorithm 
performance  is  obtained  by  comparing  the 
swept  beam  analysis  on  the  observed  in- 
phase  and  quadrature  data  to  that  on  the 
in-phase  and  quadrature  components 
calculated  from  the  LSF  algorithm  solution. 
This  is  shown  for  data  frames  31  and  176  in 
Figure  10.  The  weighted  beam  width  is 
about  3.95* ,  so  that  while  component  l  is 
always  clearly  resolved  under  the  swept 
beam  analysis,  components  2  and  3  are 
generally  not  (as  in  frame  31).  They  are, 
however,  clearly  resolved  under  the  LSF 
algorithm. 


Fig.  10.  Summed  beam  amplitude  and  phase 
as  a  function  of  direction  from 
the  observed  in-phase  and 
quadrature  data  (solid  lines)  and 
that  derived  from  the  LSF 
algorithm  solutions  (broken 
lines) ,  for  frames  31  (upper)  and 
136  (lower). 
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Fig.  9.  Variation  in  amplitude  (upper),  phase  (middle)  and 

direction  of  arrival  (lower)  of  the  three  components  of 
the  incident  signal. 
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1  SUMMARY 


2  INTRODUCTION 


Recent  conflicts  have  highlighted  the  benefits  of 
“soft-kill"  electronic  warfare  (stand  off,  escort  and 
self  screening  jamming),  during  intrusion  into  areas 
protected  by  Air  Defence  (AD)  radar  networks.  These 
conflicts  have  highlighted  the  need  to  protect  and 
supplement  the  Recognised  Air  Picture  (RAP)  with 
the  ability  to  locate  and  track  the  intruding  jammers. 
Ibis  piper  describes  a  demonstrator  Passive  Jammer 
Location  (PJL)  system,  and  some  of  the  theory 
behind  it,  currently  under  development  at  the 
Marconi  Research  Centre. 

Die  two  basic  geometrical  techniques  for  locating 
unknown  emitters,  usually  termed  triangulation  and 
trilateration,  are  identified.  The  mam  problems 
associated  with  triangulation  techniques,  those  of 
target  ghosts  and  ghost  resolution  in  denser  scenarios, 
are  discussed  and  trilateration  processing  using 
correlation  offered  as  a  solution. 

The  main  feature  of  an  operational  PJL  system  is 
noted  as  being  the  need  to  positively  resolve  jammer 
positions,  to  sub-beam  accuracy,  in  dense  jamming 
scenarios.  This  includes  the  “pop-up  target 
appearing  over  the  radar  horizon  and  the  agile 
sophisticated  jammer.  In  addition  a  number  of  other 
features  are  identified  which  would  be  desirable  in 
any  future  NATO  PJL  system. 

Over  a  number  of  years  the  UK  MoD  and 
GEC-Marconi  have  undertaken  a  number  of  studies 
relating  to  PJL  architectures  and  data  processing 
techniques.  In  1991  these  studies  led  to  the  Air 
Defence  Emitter  Location  Equipment  (ADELE) 
Technology  Demonstrator.  The  objectives  of  the 
ADELE  programme  are  to  demonstrate  that  the 
requirements  of  a  PJL  system  can  be  met  at  a  price 
affordable  by  AD  system  procurers.  Additionally  to 
confirm  that  the  new  PJL  data  processing  techniques, 
developed  during  these  previous  studies,  perform  as 
predicted  during  live  trials. 

The  paper  discusses  the  main  hardware  and  software 
modules  making  up  the  ADELE  demonstrator 
including:  the  multibeam  antenna,  the  resistive  matrix 
beamformer,  the  PJL  multi-channel  signal  sampling 
hardware,  radar  interfaces  and  synchronisation,  signal 
and  data  processing,  display  and  recording  and 
simulation  resources. 


We  shall  not  attempt  to  discuss  Passive  Detection 
comprehensively  in  a  single  paper.  Here  we  shall 
consider  only  the  spetial  case  of  Passive  Jammer 
Location  relking  to  airborne  jammers  in  the  Air 
Defence  radar  bands.  Underlying  this  is  the  need  to 
maintain  a  reliable  and  up-to-date  Recognised  Air 
Picture  in  order  to  commit  defence  resources 
efficiently.  To  allow  sufficient  response  time,  AD 
radar  networks  must  have  a  medium/long  range 
detection  capability  and  must  maintain  surveillance 
over  large  volumes  of  airspace  containing  many 
aircraft  This  type  of  capability  is  vulnerable  to 
ramming,  for  reasons  well  known  to  students  of  the 
Radar  Equation. 


in  contrast  to  predominantly  “one  on  one’ 
interactions  between  short  range  defence  systems  and 
their  targets,  jamming  in  AD  radar  networks  typically 
involves  many  jammers.  These  will  almost  certainly 
include  distant  but  very  powerful  Stand-Off  Jammers 
(SOls)  attempting  to  dazzle  the  forward  view  of  any 
AD  radar  within  range.  Groups  of  intruding  hostile 
aircraft  will  carry  sophisticated,  agile  jamming 
equipments  which  they  will  use  when  their  on-board 
Radar  Warning  Receivers  (RWRs)  detect 
illumination  by  defence  radars.  To  maintain  the  RAP 
the  AD  network  must  find,  resolve  and  track  such 
intrusions  against  the  competing  SOJ  background. 
Also,  if  the  network  can  report  individual  SOJ  plots 
this  opens  the  way  to  countering  them  by  either 
physical  or  electronic  means. 


3  TRIANGULATION  USING  JAMMING 
STROBES 

To  be  effective,  jamming  must  be  received  at  good 
strength  by  its  victim  radars.  AD  radars  are  normally 
fitted  with  means  of  determining  the  directions  from 
which  strong  jamming  signals  are  being  received  and 
these  angular  strobe  reports,  when  combined  from 
radars  at  different  sites  in  the  defence  network,  can  be 
triangulated  to  find  intersection  points  defining 
jammer  locations  within  the  surveyed  airspace. 

A  widely-recognised  problem,  discussed  in  detail  in 
the  literature  [1],  is  that  strobe  intersections  are 
ambiguous.  If  each  of  two  separated  radars  reports, 
say,  10  different  strobe  headings  these  could  define 
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up  to  100  different  intersection  points  when 
triangulated.  At  best,  not  mote  than  10  of  these  can 
be  genuine  (but  which?);  at  worst,  in  a  low-elevation 
scenario  typical  of  medium-range  AD  surveillance, 
nont  need  be  genuine  since  there  could  be  20 
jammers,  none  simultaneously  visible  to  both  radars. 
This  problem  is  shown  pictorially  in  Figure  1  for  3 
jammers.  It  can  be  seen  that  for  n  jammers,  given 
ideal  mutual  visibility,  n'n  intersections  are  produced 
of  which  n(n-l)  are  ghosts. 


In  practice,  not  all  100  intersections  would  be 
plausible  and  a  number  of  logical  and  procedural 
can  be  applied  to  reduce  the  number  of  ghost 
locations.  Jammer  tracks  can  be  tested  for  plausible 
speeds  and  manoeuvres  and  locations  can  be  tested 
for  consistent  heights  and  existence  in  real  space. 
These  tests  demand  accurate  strobe  angle  and  angle 
rate  repons  both  in  azimuth  and  elevation. 
Unfortunately,  in  a  typical  low-level  AD  scenario  ail 
sourees  (both  SOJs  and  intruders)  will  normally  be 
seen  close  to  the  horizon  where  elevation  is  not  a 
useful  discriminant  and  where  angular  measurements 
tend  to  be  corrupted  by  multipath. 

Angular  accuracy  is  easily  corrupted  in  other  ways 
too.  Even  the  simplest  type  of  angular  interpolation, 
where  the  receiving  beam  scans  steadily  through  an 
isolated  source  heading,  relies  on  an  assumption  that 
the  source  strength  remains  steady.  With  agile, 
responsive  jammers  no  such  assumption  can  be  made. 
In  practice  more  advanced  techniques,  such  as 
super-resolution  (231  may  be  applied  but  these  also 
“Pend  on  unsafe  assumptions  such  as  point  sources, 
etc.  These  difficulties  are  magnified  when  groups  of 
jammers  are  seen  against  an  undifferentiated  SOJ 
background:  angular  measurements  are  blurred  and  it 
becomes  difficult  to  separate  or  even  count  strobes. 

Simple  strobe  triangulation  is  thus  of  limited  value 
against  realistic  jamming  threats  to  AD  networks.  Its 
performance  can  be  extended  by  applying  advanced 
techniques  (some  of  which  are  relatively  costly)  but, 
even  so,  it  is  likely  to  fail  in  the  cases  where  it  is 
needed  most  Where  RAP  maintenance  is  vital, 
tnangulation  is  inadequate  and  a  more  powerful  PJL 
technique  must  be  used. 

4  REQUIREMENTS  FOR  EFFECTIVE  PJL 

The  ability  to  distinguish  between  jamming  emissions 
from  different  sources  underlies  all  aspects  of  PJL 
performance.  Achieving  this  is  difficult 
jamming  emissions  are  designed  not  to  convey 
informatioa  but  to  deny  it  Cooperating  jammers  may 


radiate  irregular  overlapping  emissions  which  cannot 
be  resolved  by  tuning  or  by  normal  ESM  techniques, 
in  either  the  time  or  frequency  domain 

Five  features  arc  essential  for  effective  PJL  in  air 
defence  radar  networks: 

(i)  Positive  resolution  of  multiple  jamming 
sources  and  strobes. 

(ii)  Positive  matching  of  jamming  strobes  received 
at  different  sites. 

(iii)  Sub-beam  plot  accuracy  for  jamming  sources. 

(iv)  "Single-shot*  detection  and  plotting  of 
fleetmgly -observed  jammers. 

(v)  A  sensor  architecture  and  management  system 
able  to  "catch"  brief,  agile  emissions 
"in-beam"  at  two  sites. 

Before  presenting  solutions  to  the  problems  we  have 
posed,  we  must  consider  what  other  attributes  are 
needed  in  a  PJL  system.  While  not  all  of  these 
attributes  are  individually  essential,  taken  together 
they  exert  a  powerful  influence  in  shaping  PJL 
architecture  and  management.  Without  attempting  to 
be  comprehensive  we  can  list: 

(vi)  Automatic  operation  without  skilled  operators. 

(vii)  Flexible  compatibility  with  existing  AD  radars 
in  the  NATO  inventory. 

(viii)  No  compromise  to  the  operating  autonomy  of 
individual  network  radars. 

(ix)  PJL  reporting  compatible  with  existing  radar 
net  reporting. 

(x)  PJL  mobility  at  least  matching  that  of  the 
radars  being  supported. 

(xi)  Data  links  between  sites  to  be  simple,  reliable, 
easily  provided. 

(xii)  Covert  deployment  and  operation;  PJL  support 
not  discernible  by  intercept. 

(xiii)  Total  PJL  system  costs  only  a  small  fraction  of 
the  radar  network  cosL 

And  possibly, 

(xiv)  A  simultaneous  Active-Bistatic  radar  support 
mode. 

None  of  these  attributes  will  be  contentious  except 
perhaps  the  last,  which  therefore  requires  some 
comment.  Active-bistatic  radar,  using  a  receiver 
distant  from  the  transmitter,  has  long  been  known  but 
has  been  little  used  in  recent  times  because  it  is 
usually  not  a  cost-effective  alternative  to  a  monostatic 
radar  of  comparable  power  and  antenna  size. 
However,  bistatic  reception  by  a  distant  receiver  in 
addition  to  normal  monostatic  operation  can  provide 
important  system  performance  enhancements  [6]  in 
stressful  scenarios.  The  point  of  interest  here  is  that 
PJL  support,  whether  by  triangulation  or  otherwise, 
exploits  bistatic  or  multistatic  dimensions  within  a 
radar  network.  A  PJL  system  which  can  exploit  these 
actively  as  weU  as  passively  has  more  to  offer  than 
one  which  cannot.  Where  this  is  done  simultaneously 
using  the  same  equipment,  the  additional  cost  can  be 
very  small 
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5  SOLUTIONS  FOR  EFFECTIVE  PJL 

To  satisfy  the  main  requirements,  noted  above, 
special  resolution  techniques  are  required,  such  as 
cross-correlation  [4,5]  of  signals  received  at  different 
sites.  Correlation  can  provide  a  high-resolution 
hyperbolic  range  coordinate  for  each  jamming  source, 
allowing  sub-beam  plot  accuracy  by  trilateration. 
When  this  hyperbolic  range  is  combined  with  the 
angular  data  provided  by  triangulation  processing  an 
accurate  jammer  position  is  identified.  In  practice 
correlation  must  be  supported  by  the  fullest  use  of 
conventional  resources  including  narrow, 
high-quality  sensor  beams  and  good  antenna  si  delobe 
rejection  [4],  Such  requirements  would  make  efficient 
PJL  unaffordable  were  it  not  for  the  fact  that  most 
AD  radars  already  have  antennas  with  suitable 
narrow-beam  characteristics.  Affordable  radar-band 
PJL  must  therefore  exploit  the  antennas  of  the  radars 
it  supports. 

Efficient  PJL  support  within  an  AD  radar  network 
requires  a  Passive  Support  Receiver  (PSR)  in  addition 
to  the  network  radars  themselves.  A  well  designed 
PSR  can  support  several  radars  simultaneously, 
provided  of  course  that  each  radar  has  some  useful 
field  of  view  overlapping  that  of  the  PSR.  A 
multi-beam  PSR  supporting  two  AD  monostatic 
radars  is  shown  in  Figure  2.  Within  regions  of 
overlap  PJL  support  can  meet  all  essential 
requirements  and  can  have  as  many  of  the  other 
attributes  we  have  listed  as  the  designer  sees  fit  to 
provide. 
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To  capture  the  matching  jammer  excerpts  the  PSR  is 
managed  so  that  it  follows  not  the  unknown  jammers 
but  its  cooperating  radar  partners.  The  PSR  turns  its 
relatively  broad  sector  of  coverage  in  the  general 
direction  currently  being  illuminated  by  a  radar 
requiring  support  and  controls  its  tuning  and  capture 
timing  to  coincide  with  that  of  the  radar.  What  the 
radar  capture"  perhaps  unexpectedly,  the  PSR  will 
also  have  captured  automatically,  so  the  two  can  be 
cross-matched.  Provided  only  fairly  short  jamming 
samples  need  to  be  captured  by  each  partner,  the 
radar  can  maintain  its  autonomy  in  respect  of  scan 
patterns,  operating  modes  and  frequency  schedules  as 
long  as  it  can  provide  information  so  that  the  PSR  can 
follow  it.  For  the  same  reason  an  agile  PSR  can 
support  more  than  one  radar  simultaneously  by 
interleaving  capture  timing. 


A  problem  is  immediately  apparent,  since  a  narrow 
PSR  beam  cannot  cover  a  generous  sector  of  view  in 
the  way  we  have  assumed.  Different  solutions  to  this 
problem  define  alternative  system  architectures.  Here 
we  can  only  discuss  two  of  these,  both  of 
considerable  practical  performance. 

The  first  solution  is  to  scan  the  PSR  beam  rapidly 
across  a  chosen  sector  of  coverage  during  each  dwell 
period  of  the  cooperating  radar.  [4]  This  solution 
limits  the  maximum  length  of  jamming  samples 
captured  from  a  particular  target  location,  and 
requires  a  more  dedicated  degree  of  cooperative 
linkage  than  would  ideally  be  desired.  However,  the 
scheme  is  entirely  practical  and  can  be  engineered  to 
give  good  results. 

An  even  more  powerful  solution  is  to  divide  a 
generous  PSR  coverage  sector  into  an  appropriate 
number  of  simultaneous  narrow  sub-beams  by  using  a 
modem  beamforming  technology  of  which  we  shall 
have  more  to  say  presently.  When  engineered  to  have 
appropriate  bandwidth  and  frequency  agility,  this 
solution  imposes  little  or  no  restriction  on  capture 
timing  or  on  other  aspects  of  cooperative  linkage, 
which  makes  it  easier  for  the  PSR  to  support  different 
types  of  AD  radar  together  on  the  same  network. 
Further,  this  type  of  PSR  can  more  readily  give 
simultaneous  active-bistatic  radar  support  since  its 
synchronisation  requirements  for  PJL  and  for 
active-bistatic  support  modes  are  essentially  the 
same. 

6  THE  ADELE  UK  DEMONSTRATOR 

Although  the  principles  behind  efficient  PJL  are  well 
established,  advances  in  technology  allow  these 
principles  to  be  implemented  in  new  ways,  giving 
better  performance  at  reduced  cost.  As  llie  form  of 
modem  AD  networks  responds  to  changes  in  world 
security,  PJL  support  remains  as  vital  as  ever  but  it 
must  be  more  flexible,  •ffective  support  cannot  be 
limited  to  the  major  quasi-static  radars  of  national 
defence  networks  but  must  be  free  to  follow  current 
and  future  radars  wherever  they  may  be  called  to 
serve.  Meanwhile,  jammer  technology  continues  to 
evolve;  PJL  systems  must  have  performance  margins 
and  growth  potential  to  counter  threat  developments 
which  cannot  yet  be  foreseen. 

With  considerations  such  as  these  in  mind,  the 
Defence  Research  Agency,  in  cooperation  with 
GEC-Marconi  and  in  consultation  with  NATO 
through  SHAPE  Technical  Centre,  have  initialed  the 
ADELE  PJL  Technology  Demonstrator  Programme. 

The  aim  of  the  ADELE  programme  is  to  demonstrate; 

0  That  all  features  and  requirements  relevant  to  the 
passive  support  of  AD  radar  networks  can  be 
combined  into  a  compact  PSR  unit  which  can  be 
deployed  as  required. 

0  That  new  performance  goals,  based  on  advanced 
types  of  processing,  are  achieved  in  practice 
under  realistic  trials  conditions. 

0  That  effective  passive  support  can  be  provided  at 
affordable  cost. 
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The  ADELE  Demonstrator  is  based  on  the  BEARS 
multibeam  antenna  developed  cooperatively  by 
GEC-Marconi  and  UK  MoD(PE).  The  BEARS 
antenna,  currently  sited  at  the  GEC-Marconi 
Research  Centre  near  Chelmsford,  UK,  has  already 
been  demonstrated  giving  active-bistatic  support  to 
the  MoD  BYSON  experimental  AD  radar  sited  at  the 
Defence  Research  Agency,  Great  Malvern,  some  200 
km  distant  This  work  has  been  reported  elsewhere 
[6,7].  The  ADELE  programme  complements  this  by 
demonstrating  the  same  antenna  performing  a  PJL 
support  role. 

Initial  local  PJL  trials  using  this  antenna  were 
successfully  completed  in  the  late  Summer  of  1991 
and  the  equipment  is  currently  being  prepared  for 
larger  scale  trials  later  this  year  in  which  the  antenna 
will  be  linked  to  a  radar  sited  about  10  km  away. 
Substantive  UK  trials  over  long  baselines  are 
scheduled  to  take  place  during  1993/94  and  a  250  km 
International  Trials  linkage  spanning  the  North  Sea  is 
provisionally  planned  for  1994. 

7  THE  KEY  TECHNOLOGIES 

In  the  remainder  of  the  paper  we  will  look  briefly  at 
some  of  the  key  modem  technologies  lying  at  the 
heart  of  the  ADELE  PJL  demonstrator.  Leaving  aside 
one  or  two  aspects  which  we  cannot  discuss,  these 
are: 

0  The  BEARS  antenna  architecture. 

0  The  simultaneous  multiple  beamformer. 

0  Multi-channel  signal  sample  recording. 

0  Interfaces  with  cooperating  radars. 

0  Synchronisation  between  sites. 

0  Signal  and  data  processing. 

0  Display  and  recording. 

0  Simulation  resources. 

Figures  3  and  4  show  block  diagrams  of  the  PSR 
Signal  Capture  and  ADELE  demonstrator  Radar 
Interface  Units  respectively. 


7.1  Antenna  Architecture 

The  antenna  must  form  narrow  radar-quality  beams 
but  must  be  compact  and  covert  There  is  no 
transmitter  so  an  efficient  receive-only  antenna 
architecture  can  be  used.  The  BEARS  antenna  is  a 
flat  phased  army  composed  of  thin  vertical  "planks" 
populated  with  Woloszczuk  slot  dipoles  [8].  Each 
plank  carries  its  own  triplate  vertical  distribution  and 
its  own  hybrid  receiver  front  end  module.  The  very 
modest  front-to-back  depth  makes  it  easy  to  mount 
the  planar  asr  mbly  conformally  in  the  side  of  a  small 
motor  var  • r  transport  container. 

The  verti-  -a  distribution  defines  the  elevation  beam 
pattern,  t-or  use  in  medium  to  long  range  AD 
networks  the  elevation  pattern  peaks  just  above  the 
horizon  and  tapers  off  at  higher  angles.  The  azimuth 
pattern  is  determined  by  the  number  of  planks  used, 
and  by  the  azimuth  beamformer  which  is  quite 
separate.  The  BEARS  antenna  normally  uses  32  of 
the  36  planks  installed.  This  gives  about  25  sqm  of 
aperture,  which  is  sufficient  for  reasonable 
active-bistatic  radar  sensitivity,  and  allows  4-degree 
azimuth  beams  to  be  formed  in  the  3  GHz  radar  band. 
The  number  of  planks  installed  and  used  could  be 
varied  to  suit  space  and  performance  requirements. 
An  operational  version  of  the  BEARS  antenna  might 
well  have  mote  than  36  planks  installed. 


72  Multiple  Beamforming 

Since  the  PSR  has  no  transmitter,  and  since  the 
receiver  noise  figure  is  determined  by  the  front-end 
modules  in  each  plank,  there  is  no  penalty  for 
implementing  beamforming  at  intermediate 

frequency.  Alternative  analogue  or  digital 
beamforming  technologies  can  be  used, 

simultaneously  if  necessary.  For  example,  PJL  and 
active-bistatic  reception  can  be  performed 

simultaneously  using  different  beam  patterns.  Heie 
we  shall  describe  only  the  multibeam  arrangements 
normally  used  for  PJL  operation,  although  other 
options,  including  an  adaptive  beamformer,  are  in 
fact  installed. 

The  BEARS  PJL  IF  beamformer,  shov  n  in  block 
diagram  form  in  Figure  5,  operates  at  60  MHz  centre 
frequency  and  consists  of  a  film-technology  resistive 
matrix  having  32  plank  inputs  and  20  simultaneous 
beam  outputs.  The  fan  of  20  azimuth  beams  is 
designed  to  cover  a  90-degree  sector  at  mid-band,  but 
any  other  number  of  beams,  or  pattern,  could  be 
generated  by  adapting  the  resistive  matrix 
ppropriately. 


15-6 


The  interface  unit  fitted  to  the  cooperating  radar  uses 
a  Force  CPU  33-ZB  single-board  computer  card 
coupled  to  a  Motorola  Codex  338 5  modem. 
Associated  with  the  6803(V23MHz  CPU  are  4MB  of 
RAM,  two  serial  I/O  channels,  timers,  and  a  real-time 
clock.  The  modem  communicates  at  up  to  19.2 
kboud,  which  is  sufficient  to  relay  captured  jamming 
strobe  samples  but  not  for  the  real-time  relay  of 
signals  received  at  all  beam  headings  when  recording 
for  subsequent  replay.  Two  operating  modes  are 
therefore  provided.  In  "recording’  mode  all  captured 
signals  are  stored  in  full  for  a  limited  observation 
period,  and  then  relayed.  In  “real-time"  mode  only 
"important"  captured  signal  samples  are  relayed,  as  in 
real  life,  but  continuous  operation  can  be  maintained 
for  extended  periods. 

A  similar  single-board  computer  and  modem  are  used 
at  the  BEARS  multibeam  site  but  these  are 
supplemented  by  a  SUN  IPX  workstation  interfacing 
with  disk  storage  for  captured  signal  data  awaiting 
processing,  and  tape  storage  for  longer-term  retention 
of  trials  "runs".  The  interface  unii  at  the  cooperating 
radar  site  can  be  initialised  and  controlled  remotely 
from  the  SUN  workstation  via  the  modems  and  link. 
Software  for  these  systems  is  written  in  *C"  language. 

The  main  software  routines  and  data  flows  used 
during  the  trials  phase  are  indicated  in  Figure  6  and 
described  below. 


During  trials  "runs’  in  which  signal  data  is  being 
recorded  at  high  rates  for  later  processing  and 
analysis  it  is  desirable  to  have  confirmation  that  the 
recorded  data  is  not  corrupted  in  any  way,  that  its 
area  of  coverage  is  adequate,  and  that  it  does  include 
samples  from  all  important  jamming  sources.  This 
information  is  required  very  promptly  so  that,  if 
necessary,  adjustments  can  be  made  while  airborne 
test  targets  remain  in  view  {Jtere  are  no  "targets  of 
opportunity"  for  PJL  in  peacetime).  The  ADELE 
Demonstrator  therefore  includes  a  special  processing 
function  which  previews  captured  signals  as  they  are 
stored  and  reports  their  integrity  and  content. 

Extended  trials  will  generate  large  numbers  of  stored 
data  files.  These  are  coordinated  by  a  file 
management  program  to  ensure  that  stored  data  is 
identified  unambiguously,  remains  linked  to 
associated  data  sucn  as  the  trials  log,  and  can  be 
recovered  at  will  for  replay  and  processing.  Where 
full  signal  samples  have  been  recorded  in  all  beams 
the  processing  load  can  be  reduced  by  rejecting 
samples  of  no  interest.  Many  of  the  processing 
algorithms,  along  with  extensive  simulation 
resources,  run  in  FORTRAN  77  which  is  the 
preferred  medium  for  non-real-time  processing.  The 


interface  between  storage  and  processing  therefore 
purges  and  reformats  the  stored  data.  These  facilities 
relate  to  the  experimental  status  of  the  Demonstrator 
and  will  be  absent  in  an  operational  version  which 
will  process  or  discard  all  signals  within  a  few 
seconds  of  capture. 

The  suite  of  PJL  detection  processing  and  plot 
extraction  algorithms  is  designed  to  run  in  any  type  of 
geoeral-purpose  processing  hardware.  During  the 
development  phase,  detection  processing  is 
performed  on  a  general-purpose  multiple-user 
network  of  SUN  IPX  workstations  installed  at  the 
GEC-Marconi  Research  Laboratories. 

In  its  present  form  the  PJL  detection  processing  suite 
is  generously  equipped  with  subroutines  which 
provide  diagnostic  data  outputs  for  analysing  the 
performance  of  alternative  algorithms  and  processes. 
Fee  trials  use  these  will  be  bypassed  in  order  to 
improve  the  overall  processing  response  time.  Some 
latency  is  inevitable  in  any  multistaiic  system  which 
adaptively  processes  selected  jamming  samples; 
normally  this  latency  would  not  exceed  the  antenna 
scan  periods  of  the  network  radars  being  supported. 

7.7  Display  and  Recording 

Operational  PJL  systems  must  report  jammer  plots 
externally  using  appropriate  formats  but  the  ADELE 
Demonstrator  will  nave  a  local  PPI  display  using  an 
industry-standard  colour  monitor.  There  will  also  be 
relay  facilities  for  remote  display,  for  example  at  the 
site  of  a  cooperating  radar  during  trials.  At  the 
BEARS  site  the  display  shares  facilities  already 
installed  for  active-bistatic  trials  but  with  the 
supporting  software  revised  to  provide  additional 
features.  These  features  include: 

0  Hyperbolic  trilateration  curves  relating  to 
location  by  cross-correlation. 

0  Symbolic  target  representation  indicating 
auxiliary  detection  parameters. 

0  Operator  interaction  to  display  additional  data  for 
selected  targets. 

0  Zoom  expansion  for  target  groups. 

0  Artificial  persistence  to  simulate  raw  target 
tracks. 

The  display  facilities  are  equipped  for  recording  the 
data  inputs  in  full  during  trials  runs.  This  enables  runs 
to  be  replayed  at  increased  or  reduced  frame  rates, 
and  allows  the  operator  to  “freeze"  individual  frames 
and  to  call  up  and  examine  the  full  detection 
parameters  for  targets  of  interest 

78  PJL  Simulation 

A  realistic  PJL  test  scenario  must  include  a 
substantial  number  of  different  airborne  jammers.  It 
is  practical  to  provide  this  only  rarely,  during  major 
air  defence  exercises.  Occasional  large-scale  PJL 
trials  are  essential  but  they  cannot  adequately  test  the 
full  range  of  latent  performance,  so  "real"  trials  must 
be  supplemented  by  simulations.  Indeed,  simulation 
is  so  important  in  PJL  work  that  we  might  claim  that 
it  is  the  Seal"  trials  that  are  supplementary. 
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The  beamformer  supports  an  instantaneous  signal 
bandwidth  in  excess  of  20  MHz,  which  is  more  than 
sufficient  to  match  the  bandwidth  of  captured 
jamming  samples  relayed  from  cooperating  radars. 
Adjustment  of  the  receiver  local  oscillator  (LO) 
frequency,  which  is  common  to  all  the  receiver  front 
ends,  tunes  reception  to  any  desired  frequency  within 
the  design  range  of  the  aperture,  without  affecting 
operation  of  the  beamformer.  The  system  is  designed 
so  that  agile  control  of  the  LO  will  allow  the  PSR  to 
follow  frequency-agile  radars. 

73  Multi-Channel  Signal  Capture 

Jamming  samples  received  in  the  20  BEARS  beams 
must  be  captured  together  if  all  are  to  overlap  in  time 
with  a  sample  relayed  from  a  cooperating  radar. 
Capture  must,  of  course,  be  implemented  in  real  time, 
whereas  temporary  storage  of  signal  samples  and 
cross-processing  are  most  economically  implemented 
by  a  digital  system  able  to  deal  with  beams  serially 
rather  than  all  together.  In  the  Demonstrator  the  real 
time/machine  time  gap  has  been  bridged  by  providing 
a  special  analogue/digital  interface  card  for  each 
beam  channel  in  which  signal  samples  are  to  be 
captured. 

The  inputs  to  these  cards  connect  directly  to  the 
beamformer  outputs  of  the  BEARS  antenna,  at  60 
MHz  IP,  and  each  card  carries  out  all  the  signal 
conditioning  required  to  prep ait  digitised  baseband 
signals  for  capture.  Operation  is  continuous  but  when 
gated  by  a  synchronised  signal  capture  command 
pulse,  eaih  card  "freezes"  a  suitable  length  of  signal 
except  in  its  digital  memory.  These  excerpts  are  llien 
downloaded  serially  into  the  digital  processing 
system. 


Capture  of  jamming  signal  samples  from  a 
cooperating  radar  can  be  implemented  at  RF,  IF  or 
baseband  video  according  to  the  beamforming  and 
receiving  channel  architecture  used  by  the  radar.  For 
the  Demonstrator  this  is  done  at  RF  and  IF,  by 
providing  a  duplicate  BEARS-type  receiver  front  end 
module  coupled  to  an  appropriate  radar  beam  port, 
and  by  providing  a  duplicate  IF  signal  capture  A/D 
interface  card  within  the  interface  unit  The  unit  also 
receives  12-bit  azimuth  data  from  the  radar  which  it 
relays  to  the  PSR,  together  with  timing  information. 

7J  Synchronisation 

Provided  jamming  signal  <•-  -crpts  captured  at 
different  sites  overlap  in  tL.ie  sufficiently  to  allow 
them  to  be  cross-processed,  exactly  simultaneous 
capture  is  not  essential  However,  very  accurate 
knowledge  of  the  relative  tuning  is  necessary  in  order 
to  extract  accurate  range  information  for  any  targets 
which  may  be  found.  This  applies  both  to  PJL  and  to 
active-bistatic  radar  detections. 

The  requirement  is  met  by  having  accurately 
synchronised  clocks  at  each  site.  Recorded  jamming 
excerpts  ate  time-tagged  at  each  site  so  that  when 
subsequently  cross-processed  their  relative  timing  is 
known  to  the  accuracy  required  for  plot  reports.  The 
compact  atomic  clocks  need  to  be  resynchronised 
only  at  infrequent  intervals.  The  ADELE 
Demonstrator  uses  Loran  C  equipment  for  this 
purpose. 

7.6  Signal  and  Data  Processing 

A  multi  beam  PSR  having  good  instantaneous 
bandwidth  can  capture  a  great  deal  of  signal  data 
which  must  be  sifted  and  processed  or  discarded 
while  still  fresh.  The  only  economic  approach  is  to 
use  industry-standard  digital  processing  hardware  for 
all  signal  and  data  handling  subsequent  to  the  special 
A/D  channel  interface  cards  we  have  already 
mentioned.  The  exclusive  use  of  standard  digital 
hardware  distinguishes  the  ADELE  PJL  system  from 
its  predecessors  and  is  one  of  the  features  which  the 
Demonstrator  programme  seeks  to  assess. 

An  advantage  of  non-dedicated  liardware  is  that  it  can 
support  alternative  and  adaptive  forms  of  processing. 
Fbr  the  Demonstrator  it  means  that  alternative 
processing  strategies  and  algorithms  can  be  tested  and 
the  results  critically  compared.  This  requirement  is 
reflected  in  the  processing  resources  provided  for  the 
ADELE  Demonstrator. 


7.4  Radar  Interfaces 

Signal  excerpt  samples,  beam  heading,  timing 
information,  and  other  data  must  be  extracted  from 
cooperating  radars  and  relayed  to  the  PSR.  For 
experimental  ADELE  trials  it  is  also  necessary  to 
relay  certain  control  and  diagnostic  data  not  needed 
in  an  operational  system.  A  special  interface  unit  is 
provided  in  order  to  equip  existing  AD  radars  to 
provide  samples  and  data  in  the  form  required.  This  is 
coupled  to  a  cooperating  radar  and  to  an  intersite  link. 
For  the  Demonstrator  trials  this  link  will  normally  be 
national  or  international  telephone  lines. 


The  Demonstrator  processing  architecture  is  designed 
so  that  all  captured  signal  samples,  in  all  beams,  can 
be  recorded  and  stored  for  repeated  replay  through 
alternative  processing.  Although  this  would  not  be  a 
feature  of  an  operational  PJL  system,  for  an 
experimental  Demonstrator  it  has  several  advantages. 
Firstly,  it  enables  the  maximum  possible  value  to  be 
obtained  from  signal  samples  captured  during 
multiple-jammer  trials  and  Air  Defence  exercises 
which,  for  obvious  reasons,  cannot  be  repeated  at  will 
to  suit  processing  experiments.  Secondly,  because  it 
is  not  essential  to  complete  the  processing  sequence 
in  real  time,  it  allows  existing  shared  processing 
resources  to  be  exploited.  Finally,  it  permits 
diagnostic  intrusions  into  the  processing  sequence  in 
order  to  analyse  the  efficiency  of  algorithms  in  as 
much  detail  as  may  prove  necessary. 
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It  is  obvious  that  comprehensive  testing  by  simulation 
must  embrace  multi-source  jamming  strategies 
spanning  realistic  AD  scenarios  out  to  long  ranges. 
What  is  less  obvious  is  the  amount  of  fine  detail 
necessary  to  represent  individual  jammers  and  their 
emissions,  because  real  world  jammers  do  not  emit 
neat  mathematical  waveforms.  It  is  necessary  to 
model  interactions  between  multiple  emissions  and 
receiving  channel  characteristics,  including 
phase-sensitive  phenomena,  in  order  to  model 
detection  and  resolution  performance  with  good 
quantitative  accuracy. 

Simulation  resources  having  these  and  other 
capabilities  have  been  built  up  at  the  GEC-Marconi 
Research  Centre.  The  simulations  run  in  FORTRAN 
77  on  SUN  IPX  and  VAX  networks.  The  simulations 
generate  captured  jamming  signal  samples  in  formats 
identical  to  those  used  by  the  real  PSR  and  associated 
cooperating  radars  and  are  designed  for  direct 
connection  to  the  processing  resources  used  for 
detection  processing  during  actual  trials. 

Comprehensive  simulation  resources  of  this  class 
constitute  an  essential  working  tool  without  which 
today's  advanced  adaptive  PJL  processing  algorithms 
could  not  have  been  developed  and  proved.  It  is 
clearly  essential  that  the  simulations  validly  represent 
the  characteristics  of  real-world  emissions  and 
receivers  so,  at  each  successive  stage  of  the  ADELE 
trials  programme,  even  greater  importance  is  placed 
on  demonstrating  the  accuracy  with  which  the 
simulations  model  the  actual  trials  results  than  on  the 
excellence  of  the  results  themselves. 

S  CONCLUSION 

The  importance  of  radar  surveillance  to  air  defence 
strategy  encourages  an  aggressor  to  suppress  defence 
radar  performance  wherever  possible.  Jamming  is  a 
cheap  but  powerful  tool  for  this  purpose.  The  ability 
to  track  airborne  jammers  accurately  is  of  immediate 
value  to  the  defence  and  a  disincentive  to  the 
aggressor. 

Where  AD  radars  are  networked,  isolated  jammers 
can  be  located  by  strobe  triangulation  when 
conditions  are  favourable  but  this  method  has  fatal 
weaknesses  in  denser  scenarios.  Under  these  denser 
conditions  very  much  more  powerful  processing 
methods  based  on  correlation  are  considered 
essential  These  methods  exploit  jammer  reception  by 
the  radars  themselves  but  require  an  additional 
Passive  Support  Receiver. 

Until  comparatively  recently,  really  effective  PJL 
support  has  been  possible  only  in  major  networks. 
This  has  been  revolutionised  by  new  technologies 
which  make  efficient  passive  support  an  affordable 
"Add  on"  option  for  AD  networks  everywhere. 

The  key  technologies  include  compact 

frequency-agile  antenna  modules  which  permit  Urge 
arrays  of  simultaneous  staring  beams  to  be  formed 
chemly  at  intermediate  frequency,  A  card  has  been 
doped  which  extracts  jamming  signal  samples 
- 1  radar  and  PSR  beams  and  presents  the  samples 
ui  a  form  acceptable  to  general-purpose 

industry-standard  digital  processors.  An  add-on 
interface  unit  has  been  developed  to  convert  existing 
radars  for  PJL  support 


Digital  memory  can  hold  large  arrays  of  captured 
signal  samples  for  long  enough  to  identify  those  of 
real  importance  and  to  relay  them  via  low-bandwidth 
links  to  distant  sites.  The  very  high  processing 
capacity  now  available  in  compact  iow-cost  machines 
supports  advanced  adaptive  processing  which  can 
respond  to  future  developments  in  the  jammer  threat 
PJL  processing  can  share  machine  capacity  with  other 
system  functions  according  to  demand  and  priority. 

These  technologies  enable  an  architecture  in  which 
one  passive  receiver  can  support  several  netted  radars 
and  which  is  easy  to  manage  and  synchronise.  The 
muldbeam  unit  can  be  compact  covert  and  mobile 
and  can  provide  active-bixtanc  radar  plots  as  well  as 
jammer  location  when  linked  to  network  radars  by 
telephone -quality  links. 

The  need  for  effective  passive  support  in  the  AD 
radar  bands  and  the  principles  by  which  it  is  achieved 
have  been  proved  over  30  years;  these  are  not  matters 
of  doubt  That  this  support  can  now  be  given 
throughout  NATO  at  low  cost  and  at  a  new  level  of 
efficiency  will  be  shown  in  forthcoming  trials  of  the 
ADELE  Demonstrator. 
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ABSTRACT 

A  year  long  experimental  program  was 
conducted  to  measure  refractive  bending, 
or  how  much  the  signal  deviates  from  true 
line  of  sight,  at  low  VHP  frequencies 
(29.5  MHz) ,  and  to  determine  whether  this 
deviation  or  error  could  be  predicted 
using  large  scale  ionospheric  models  such 
as  the  ionospheric  Conductivity  and 
Electron  Density  (ICED)  program.  An 
experiment  to  directly  measure  the  angle 
of  arrival  of  a  29.5  MHz  signal  from  an 
orbiting  satellite  was  successfully 
completed.  The  satellite  was  in  a 
circular  orbit  at  an  altitude  of  1000  km. 
It  was  shown  that  refractive  errors  can  be 
directly  related  to  the  electron  density 
along  the  measurement  slant  range. 
Ionospheric  disturbances  such  as  sporadic 
E  and  ionospheric  storms  produce  large, 
short  term  errors  that  can  approach  10 
degrees.  In  addition  to  day/night 
variations,  seasonal  and  solar  cycle 
sensitivities  were  found.  The  refractive 
error  varied  so  rapidly  with  respect  to 
time  and  space  that  its  prediction  with  a 
median  value  ionospheric  code  is  almost 
impossible. 


INTRODUCTION 

Recent  advances  in  the  science  of 
ionospheric  measurement  provide  a  detailed 
picture  of  how  the  ionosphere  is 
structured  with  respect  to  time  and  space - 
What  is  seen  is  a  much  more  turbulent 
plasma  than  previously  recognized,  one 
that  is  very  susceptible  to  changes  in 
solar  radiation  patterns  and  the  earth's 
magnetic  field.  This  new  knowledge  raises 
questions  about  the  predictability  of 
ionospheric  structure.  The  bulk  of  the 
models  used  to  predict  electron  density 
between  50  km  and  1000  km  are  based  on 
empirical  measurements.  Their  outputs  are 
median  values.  The  key  concern  is  how 
well  they  typify  the  real-time  ionosphere 
as  a  function  of  time  of  day,  season  and 
geographical  location. 

Programs  at  this  facility  use  a 
variety  of  ionospheric  models.  Usually, 
the  first  question  asked  is  how  well  they 
can  replicate  the  dynamics  of  the  real 
world  ionosphere.  Recently  this  question 
was  posed  about  the  Ionospheric 
Conductivity  and  Electron  Density  (ICED) 
model  (Daniell.  et  al.,  1986).  The 
application  of  interest  required  an 
accurate  prediction  of  the  electron 
density  between  the  ground  and  outer 
space.  One  output  from  ICED  is  a  true 
height  electron  density  profile  between  50 
and  1000  km.  A  predicted  total  electron 
content  (TEC)  was  derived  from  this.  The 


challenge  was  to  design  an  experiment  that 
would  measure  TEC,  or  something 
equivalent,  to  test  ICED  model  profiles. 

The  discovery  of  an  orbiting 
satellite  system  that  carried  a  low  VHP 
(LoVHF)  beacon  operating  at  29.5  MHz 
suggested  a  novel  approach  to  this 
problem.  The  remainder  of  this  paper 
describes  an  experimental  program  in  which 
a  ground  baaed  HF  interferometer  was  used 
to  locate  and  track  the  LoVHF  beacon  as  it 
passed  overhead.  The  objective  of  this 
experiment  was  to  (1)  directly  measure  the 
refractive  error,  or  how  much  the  signal 
deviates  from  true  line  of  sight,  on  the 
transionospheric  signal;  (2)  determine  the 
magnitude  and  characteristics  of  this 
uncorrected  error;  and  (3)  develop  an 
electron  density  data  base  against  which 
the  ICED  model  could  be  compared. 

EXPERIMENTAL  METHOD 

The  signal  source  for  this  experiment 
was  a  low  orbiting  satellite.  It 
contained  several  HF/LoVHF  beacons  and 
transponders  which  produced  morse  code 
signals  at  29.5  MHz.  For  this  project, 
the  morse  beacons  were  used  as  point 
signal  sources.  Originally  planned  as  two 
individually  orbiting  platforms,  the 
satellites  were  launched  together  on  a 
navigational  satellite  (NAVSAT) .  This  was 
fortunate  as  the  NAVSAT  was  maintained  in 
an  accurate  circular  orbit  at  1000 
kilometer  altitude.  This  encompasses  98 
percent  of  the  ionosphere.  The 
satellite's  orbital  inclination  of  83 
degrees  provided  two  or  three  useful 
passes  a  day.  Data  were  collected  every 
15  seconds  as  long  as  the  29.5  MHz  beacon 
signal  strength  was  sufficient  for 
gathering  data.  A  normal  pass  would  last 
12-13  minutes  from  horizon  to  horizon. 

Conceptually,  the  experiment  was 
simple.  The  "apparent"  position  of  the 
satellite  was  measured  and  compared  to  the 
"real"  position  derived  from  predicted 
ephemeris  data  specifying  the  orbital 
location  of  the  satellite  in  space  and 
time.  The  difference,  expressed  in 
angular  error  in  degrees,  is  the 
refractive  bending  error  caused  by  the 
ionosphere  between  the  satellite  and  the 
ground  station.  The  electron  density  was 
then  derived  using  coefficients  of 
refraction  at  the  beacon  frequency. 

To  measure  the  satellite-borne 
beacons,  a  direction  finder  with  fast 
processing  time  was  required.  It  had  to 
make  high  time-resolution  measurements  of 
angle  of  arrival  (AOA)  in  azimuth  and 
elevation.  At  that  time,  the  only  system 
capable  of  accomplishing  this  was  a  Single 
Site  Locating  (SSL)  Testbed  at  Southwest 
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Research  Institute  (SvRl)  in  San  Antonio, 
Texas.  The  system,  described  earlier 
(Rose,  1992),  is  a  7  element 
interferometer  which  uses  an  ‘"L”  shaped 
array.  It  can  perform  successive  angle  of 
arrival  measurements  in  3.5  millisecond 
intervals.  At  this  sampling  rate  errors 
due  to  satellite  motion  are  effectively 
minimized. 

In  order  to  perform  the  desired 
comparisons  with  ionospheric  models,  the 
refractive  bending  data  had  to  be 
expressed  in  terms  of  electron  density. 
Before  and  after  each  pass,  the  peak 
electron  density  was  measured  with  a 
vertical  incidence  sounder.  The  measured 
F-region  critical  frequency,  the  foF2,  is 
directly  related  to  peak  electron  density 
(He)  by: 

(1)  Ne(el/cm3)  -  1.24X10E4  X  foF2(MHz) 


Because  the  interferometer  produced 
large  amounts  of  data  very  quickly,  data 
collection  periods  were  limited  to  windows 
that  were  four  seconds  in  length.  In  this 
time  1152  frames  of  data  were  collected. 
A  frame  is  a  3.5  millisecond  AOA 
measurement  of  the  phase  data  from  each  of 
the  seven  interferomter  elements.  The 
satellite  moved  approximately  30  km  during 
the  4  second  window  or  about  26  meters 
between  frames.  Each  frame  was  time 
tagged  and  stored  on  magnetic  media.  In 
addition,  a  vertical  incidence  sounder 
ionogram  was  made  prior  to  and  after  each 
pass  to  determine  ionospheric  conditions. 
Next,  each  frame  underwent  phase  linearity 
testing.  This  test  determines  whether  the 
array  observed  a  plane-wave  and  made  an 
AOA  observation  based  on  one  signal.  The 
frames  that  passed  this  test,  typically 
100-500  of  the  1152  collected  in  each 
window,  were  put  into  an  analysis  file  for 
further  processing.  Figure  l  shows  an 
analysis  file  segment  from  one  four  second 
window.  In  a  final  step,  the  data  are 
reduced  into  spreadsheet  format  for 
analysis. 

DI8COSSION  OF  THE  DATA 

The  experimental  program  was 
conducted  between  October  1988  and 
December  1989.  Over  this  period,  217 
passes  provided  information  that  were 
suitable  for  analysis.  These  included: 

28  Cases  -  Setup/Calibration  - 

(October  -  December  1988) 
40  Cases  -  Winter- 

(January  -  March  1989) 

40  Cases  -  Spring 

(April  -  June  1989) 

50  Cases  -  Summer  - 

(July  -  September  1983) 

52  Cases  -  Fall 

(October  -  December  1989) 

This  experiment  performed  above 
expectations  throughout  the  year.  There 
was  no  period  in  which  data  could  not  be 
acquired. 

A  unique  aspect  of  this  experiment 
was  the  amount  of  the  ionosphere  that  was 
measured  on  each  pass.  Depending  on  how 
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close  the  satellite  passed  overhead  to  the 
receiver,  the  data  mapped  represented  an 
area  about  600  km  wide  and  several 
thousand  kilometers  long.  The  predicted 
ephemeris  data  were  checked  on  each  pass 
by  carefully  observing  the  times  of 
acquisition  of  signal  (AOS)  and  loss  of 
signal  (LOS) .  This  normally  occurs  as  the 
satellite  comes  over  the  horizon  and  is  in 
line  of  sight  of  the  receiving  station. 
Any  error  in  the  predicted  ephemeris  data 
showed  up  as  a  bias  in  the  output  data  and 
was  easily  spotted.  AOS  on  a  north  to 
south  pass  was  the  most  reliable  test  with 
the  difference  between  predicted  and 
observed  AOS  times  never  exceeding  several 
seconds.  Prediction  of  LOS  to  the  south 
was  completely  unreliable,  with  the 
differences  between  predicted  and  observed 
being  tens  of  seconds  to  minutes.  This 
was  because  the  29.5  MHz  signal  would 
become  a  skywave  signal  at  low  elevation 
angles  and  could  be  heard  half  way  around 
the  world. 

Most  of  the  data  were  collected 
between  elevation  angles  of  20  and  82 
degrees.  Below  20  degrees,  the  slant 
ranges  exceed  2000  km,  the  signal  to  noise 
is  very  poor  and  the  likelihood  of  an 
undistorted  plane  wave  signal  was  very 
low.  Directly  overhead  above  82  degrees, 
the  arctangent  calculation  in  the  azimuth 
calculation  breaks  down  and  answers  are 
unreliable.  Once  these  boundaries  were 
established,  data  collection  became 
straight  forward. 

Several  trends  appeared  early  in  the 
tests  and  it  soon  became  easy  for  the 
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analyst  to  discern  whether  the  pass  was 
north  to  south  or  vise  versa.  The  large 
patches  of  irregularities  that 
characterize  latitudes  below  30  degrees 
north  were  evident.  The  ionosphere  to  the 
north  of  the  receiver  site  was  less  dense 
than  to  the  south.  Changes  in  signals 
froo  the  north  were  orderly  and  at 
expected  levels.  Signals  from  the  south 
were  always  variable  and  unpredictable 
with  greater  errors  at  long  slant  ranges. 


Because  of  the  satellite's  orbit,  the 
times  signals  could  be  received  changed 
daily.  This  allowed  a  measurement 
schedule  that  could  probe  the  ionosphere 
at  different  times  of  day  and  night.  The 
periods  at  pre-sunrise  (electron  density 
minimum)  and  pre-sunset  (electron  density 
maximum)  were  always  the  most  interesting. 

At  pre-sunrise  in  the  winter,  tho  electron 
density  almost  disappears  allowing  the 
scientist  to  determine  the  baseline 
accuracy  of  the  interferometer  without 
interference  from  the  ionosphere. 

Figure  2(a)  shows  a  pass  that 
occurred  during  the  winter  at  pre-sunrise 
(absolute  minimum  electron  density) .  To 
the  north,  there  is  little  error  in  either  ? 

azimuth  or  elevation  angles  that  are  | 

measured.  For  this  pass,  the  overall  s 

miss-distance  error  between  predicted  and  5 

observed  AOA  is  1.5%.  Numerous  other  £ 

passes  that  occurred  during  the  pre¬ 
sunrise  period  show  about  the  same 
accuracy.  Therefore,  this  is  close  to  the 
minimum  error  of  the  SSL. 
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Figure  2(b)  shows  a  summer  pre-sunset 
case.  The  refractive  error  is  largely 
effected  by  slant  range,  increasing  as 
ranges  increase.  The  average  overall  AOA 
error  is  3.5%.  However,  as  range 
increases,  the  error  exceeds  5%,  similar 
to  the  accuracies  of  the  SSL  in  locating 
terrestrial  targets. 

Figure  3  shows  the  effects  of 
sea  .  al  changes  and  how  refractive  error 
cha  jes  with  season.  Figure  3(a)  depicts 
wit  er  night  where  error  is  minimal  due  to 
lo  ir  electron  density.  Even  at  night 
tl  re  is  some  evidence  of  the  differences 
i-  the  ionosphere  to  the  north  and  the 
*  ,uth.  Figure  3(b)  shows  what  happens 
uuring  the  night  in  the  summer  when 
electron  density  is  greater.  In  both 
cases  the  data  were  collected  during  pre¬ 
sunrise  when  electron  density  is  lowest. 
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Figure  4  shows  the  effect  of  season 
on  refractive  error  during  daylight  when 
electron  density  is  at  maximum  values. 
The  largest  difference  is  in  elevation 
angle  error.  In  figure  4(a),  the  winter 
day,  there  is  little  refractive  bending 
until  the  signal  source  is  well  south  of 
the  receiver  site,  and  the  errors  are  less 
than  one  degree.  In  figure  4(b),  the 
summer  day,  there  is  a  more  pronounced 
signal  bending  over  the  longer  slant 
ranges.  For  both  examples  the  point  of 
closest  approach  is  nearly  the  same  and  at 
that  point  the  errors  are  nearly  the  same. 
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Analysis  of  the  individual 
spreadsheet  data  for  each  pass  showed  that 
the  errors  in  the  elevation  angle  were  the 
primary  contributor  to  Lhe  overall  error. 
Elevation  errors  are  caused  by  horizontal 
electron  density  gradients  which,  in  turn, 
are  caused  by  cyclic  changes  in  time  of 
day,  season,  and  solar  cycle.  These 
changes  are  smoother  and  less  radical  than 
those  caused  by  vertical  gradients. 

Vertical  gradients  cause  errors  in 
the  azimuth  angle  of  arrival.  These  tend 
to  be  caused  by  short  term  phenomena  such 
as  sporadic-E,  traveling  ionospheric 
disturbances  and  ionospheric  storm 
effects.  Figure  5  shows  the  effect  of 
sporadic  E  on  a  summer  morning  pass.  The 
positive  shift  in  azimuth  error  when  the 
satellite  is  nearest  the  receiver  (1101 
km)  is  due  to  the  very  intense  overhead  E 
region.  As  the  signal  source  moves  away, 
the  effects  diminish  rapidly  because  the 
layer  is  relatively  thin. 


After  a  year  of  making  measurements, 
there -was  sufficient  data  to  observe  the 
diurnal  and  seasonal  ionospheric  effects 
on  AOA  measurements.  Each  pass  was 
reduced  to  a  composite  vector  sum  of  the 
elevation  and  azimuth  errors  as  a  function 
of  fori.  This  was  then  plotted  by  season 
(Figure  6) .  While  the  results  shown  in 
figure  6  are  not  surprising,  it  does 
provide  a  quantitative  relationship  that 
can  be  used  to  test  computer  simulations. 


The  deviation  of  the  summer  curve  from  the 
other  three  seasons  is  referred  to  as  to 
the  "seasonal  anomaly." 

The  curve  in  figure  6  indicates  that 
the  relationship  between  transionospheric 
angular  error  and  electron  density  is 
nearly  linear.  They  can  be  expressed  with 
two  terms,  one  for  winter,  spring  and 
fall,  and  one  for  summer.  The 
measurements  were  made  at  solar  cycle 
maximum  when  electron  densities  are  the 
highest.  Therefore,  the  relationships  for 
solar  minimum  are  already  accounted  for 
because  it  is  already  known  that  one  of 
the  effects  of  solar  decline  is  that  foF2 
values  are  less  as  depicted  in  the  lower 
half  of  figure  6.  The  data  in  figure  6 
represent  the  "slowly  varying"  component 
for  modeling  transionospheric  electron 
density  and  the  resultant  refractive 
bending. 
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TRANSIONOSPHERIC  EXPERIMENT  29.5  (MHZ) 

ANGULAR  ERROR  BY  SEASON 


With  data  acquisition  complete,  the 
next  objective  was  to  compare  observed 
data  with  predicted  data  from  ICED.  For 
the  exact  times  measurements  were  made, 
modal  ionospheres  were  derived  from  ICED. 
The  homing  mode  of  a  raytrace  program  was 
used  to  trace  the  signal  ray  path  from  the 
satellite  to  some  ground  point.  Ephemeris 
data  on  the  satellite's  location  were  used 
as  a  starting  point.  The  output  was  the 
latitude  and  longitude  of  the  ground 
intercept  point.  This  was  converted  into 
azimuth  and  elevation  error  and  then 
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compared  to  the  measured  data.  One  method 
of  displaying  the  comparisons  is  shown  in 
figure  7.  The  differences  between 
observed  and  predicted  azimuth  and 
elevation  errors  are  used  to  generate  a 
differential  azimuth/elevation  scatter 
plot.  If  the  model  predictions  are  close 
to  the  actual  measured  data,  then  the 
scatter  plot  provides  a  tight  cluster 
about  zero.  The  more  the  prediction 
deviates  from  the  observed  data,  the 
greater  the  spreading  of  the  data.  Figure 
7  shows  data  comparisons  for  both  day  and 
night  situations  between  elevation  angles 
of  30  and  60  degrees,  the  optimum  angles 
for  the  interferom**er  array. 
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Figure  7(a)  represents  246  nighttime 
data  points  for  true  elevation  between  30 
and  60  degrees.  The  sample  mean  elevation 
difference  value  is  0.6  degrees  with  a 
standard  deviation  of  1.15  degrees.  The 
mean  azimuth  difference  was  0.25  degrees 
with  a  standard  deviation  of  1.36  degrees. 
With  the  minimal  night  ionosphere  the 
predicted  data  set  does  track  the  observed 
data  set,  although  with  a  tendency  to 
under-predict  elevation. 

In  figure  7(b),  269  daytime  data 
poi  ts  are  shown.  A  fairly  tight 
distribution  is  seen  but  the  center  of  the 
elevation  distribution  has  become 
negative,  indicative  of  over-prediction. 
The  mean  elevation  difference  is  -1.54 
degrees  with  a  standard  deviation  of  1.12 


degrees..  The  mean  azimuth  error  is  0.45 
degrees  with  a  1.0  degree  standard 
deviation.  In  combination  with  the 
results  for  the  nighttime  case,  these 
results  point  to  the  error  being 
introduced  by  the  ICED  model  rather  than 
the  raytrace.  This  is  because  the 
interpolation  scheme  used  in  the  raytrace 
is  the  same  for  both  night  and  day. 

CONCLUSIONS 

A  year  long  campaign  successfully 
produced  a  unique  data  base  on  tm 
refractive  bending  of  a  LoVHF  sigm.l 
caused  by  a  variety  of  ionospheric 
conditions.  A  ground-based  direction 
finder  used  an  orbiting  beacon  on  29.5  MHz 
to  map  ionospheric  electron  density.  The 
effects  of  day/night  cycles  and  season 
were  observed.  Short  term  variations, 
such  as  those  due  to  sporadic  E  and 
ionospheric  storms  were  measured. 

During  periods  of  electron  density 
minimum,  the  vector  sum  of  the  azimuth  and 
elevation  errors  ranged  near  1.5  percent 
of  the  slant  range  between  the  satellite 
and  receiver.  This  is  likely  the 
instrumental  accuracy  of  the  7  channel 
interferometer  that  was  used. 

During  measurements  when  the  electron 
density  was  at  maximum  values,  the 
transionospheric  angular  errors  ranged 
between  5  and  10  percent  of  range.  Short 
term  gradients  caused  by  sporadic  E  and 
ionospheric  storms  pushed  the  errors  to 
excessive  levels. 

A  relationship  was  developed  that 
relates  transionospheric  angular  error  to 
the  peak  electron  density  as  measured  from 
a  ground-based  vertical  sounder.  This  was 
then  used  to  test  various  ionospheric 
models  to  see  if  they  could  first 
replicate  the  observed  bending  and  then 
correct  for  it.  The  results  were  not 
satisfactory  as  the  ICED  model  tends  to 
over-predict  the  electron  density  during 
daylight  hours.  It  is  suspected  that  this 
is  due,  in  part,  to  a  poorly  modeled 
topside  ionosphere,  from  350  km  up  to  the 
1000  kilometer  altitude  of  the  satellite. 
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DISCUSSION 


T.  COYNE 

I  understood  from  your  previous  presentation  (paper  10)  that  problems  above  82*  elevation  were  associated  with  ionospheric  tilts  - 1 
take  it  from  your  present  paper  this  is  not  correct.  The  problem  is  an  instrumental  one  -  which  surprises  me  as  you  are  close  to 
line-of-site  to  the  interferometer  when  it  is  equipped  with  loops. 

AUTHOR’S  REPLY 

For  an  interferometer,  azimuth  calcttlat'ons  become  unstable  at  elevation  angles  of  greater  than  82*.  This  is  systematic  of  the 
system  that  we  are  using.  A  fairly  complex  solution  was  developed  by  Frank  Polldnghom  of  NRL  to  circumvent  the  large  azimuth 
errors  at  overhead  angles. 

E.  HAYDEN 

For  the  interferometer  system  in  question,  when  the  signal  arrives  bom  directly  overhead  it  is  true  that  the  azimuth  measurement 
becomes  indeterminate.  However,  in  that  same  situation  it  is  important  to  keep  in  mind  that  the  elevation  measurement  is  at  its 
most  accurate  because  the  wave  direction  is  normal  to  the  array  plane. 

AUTHOR’S  REPLY 
Concur. 

L.  BERTEL 

Calculation  of  angle  errors  requires  knowledge  of  the  electron  density  in  the  vicinity  of  the  satellite,  do  you  take  that  parameter  into 
account  in  your  simulations?  And,  if  the  answer  is  ’yes',  what  ionospheric  profile  do  you  use? 

AUTHOR’S  REPLY 

Initially  we  used  rather  simplistic  assumptions  in  structuring  the  experiment.  The  beacon  transmitter  was  at  1000  km  altitude.  At 
this  alutude,  the  emitter  is  above  96-97%  of  the  total  electron  content.  Therefore,  we  initially  assumed,  the  transmitter  and  receiver 
were  completely  above  and  below  the  ionosphere  and  the  bending  observed  was  due  to  the  plasma  in  between.  The  ionospheric 
profiles  we  used  were  from  ICED  for  the  midlatitude  experiment  With  the  type  of  day  lime  errors  observed,  the  median 
ionospheric  electron  content  is  too  high  already.  To  account  for  the  residual  3-4%  of  electron  content  that  exists  between  1000  and 
1500  km  would  only  increase  the  error. 

C.  GOUTELARD 

Pourquoi  n'utilisez-vous  pas  le  module  de  Bent  pour  la  mocKIisation  de  l'ionosphire  au  voisinage  du  satellite?  (suite  i  la  question 
de  Mr  Bertel). 

Why  not  use  the  Bent  model  for  modeling  the  ionosphere  in  the  vicinity  of  the  satellite?  (Follow-up  to  Mr.  Bertel's  question). 

AUTHOR’S  REPLY 

Our  project  was  specifically  tasked  to  investigate  useability  of  electron  density  profiles  from  ICED.  We  could  have  used  the  same 
process  on  any  Ne  profile  from  any  model.  It  just  wasn’t  our  task  on  this  project. 

H.  SOICHER 

Transionospheric  transmissions  at  29.5  MHz  are  occasionally  subjected  to  anomalous  propagation  conditions  (e.g ,  reflections  to 
receiveis  from  totally  different  directions).  Have  you  noticed  such?  Under  what  circumstances? 

AUTHOR’S  REPLY 

Yes,  myself  and  the  scienusts  at  SWRI,  where  the  measurements  "  ere  made,  were  veiy  aware  of  what  happens  when  signals  at  29.5 
MHz  go  skywave.  One  time  on  a  north-south  pass,  wc  observed  the  beacon  until  it  was  over  Antarctica.  To  the  south,  in  the 
summer  when  the  equatorial  anomaly  was  the  furthest  north  we  saw  many  cases  where  large  azimuth  and  elevation  errors  occurred. 
Normally,  measurements  to  the  north  were  well  behaved.  We  have  confirmed  cases  from  ionospheric  storms.  E,,  auroral 
backscatter,  and  equatorial  E  However,  because  of  the  very  extensive  data  base  collected  during  normal  conditions,  anomalous 
propagation  amounted  to  a  very  small  percentage  of  the  data. 
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SUMMARY 

Strong  gradients  in  electron  density  associated  with  sunrise 
and  sunset  ane  a  well  known  feature  of  the  ionosphere  and  will 
produce  off  great  circle  bearings,  particularly  if  the 
propagation  path  is  parallel  to  the  dawn  or  dusk  terminator. 
Measurements  have  been  undertaken  of  the  direction  of  arrival 
of  signals  in  the  range  3  to  23  MHz  radiated  by  a  transmitter 
located  at  Clyde  River  in  the  Canadian  Arctic  (70"N,  70*W). 
The  path  from  this  transmitter  to  the  receiving  site  at  Boston. 
USA.  is  parallel  to  the  dawn  dusk  line  and  consequently 
systematic  changes  in  bearings  are  expected  to  occur. 
Bearings  measured  during  January  1989  indicate  a  positive 
error  of  a  few  degrees  at  around  sunrise.  As  the  day 
progressed  the  error  decreased,  becoming  zero  at  local  noon  at 
the  path  mid  point.  As  the  dusk  approaches,  the  tilts  in  the 
ionosphere  are  reversed  in  gradient  and  there  is  a  smaller 
negative  swing  in  the  mean  bearing.  The  bearing  error  at  dusk 
is  smaller  than  at  sunrise  since  the  ionospheric  gradients  at 
this  time  are  less  steep.  The  diurnal  swing  in  the  bearing 
occurs  during  the  winter  and  equinox  periods  but  is  absent  (or 
very  small)  during  summer.  This  is  because  the  ionospheric 
gradients  in  summe-  are  smaller  than  those  at  other  seasons 
due  to  the  relatively  low  values  of  the  F-region  critical 
frequency  (foF2)  which  occur  during  the  summer  daytime. 

1.  INTRODUCTION 

Errors  in  the  angles  of  arrival  of  HF  signals  received  after 
reflection  from  the  ionosphere  can  occur  because  of  gradients 
in  the  electron  density  height  distribution.  Such  gradients 
produce  a  tilted  reflecting  surface  which  allows  the  signals  to 
propagate  from  the  transmitter  to  the  receiver  via  off-great 
circle  paths.  Tilts  and  gradients  are  produced  in  the 
ionosphere  by  a  number  of  geophysical  processes,  eg.  the 
propagation  of  internal  gravity  waves  which  cause  travelling 
ionospheric  disturbances.  This  investigation  is  concerned 
with  die  influence  of  the  large,  slowly  moving,  tilts  which  are 
associated  with  the  dawn/dusk  terminators.  These  Fits  are 
found  to  produce  systematic  errors  in  bearings,  particularly  for 
paths  whose  direction  is  parallel  to  the  line  of  the  terminator. 


Bearing  errors  of  2‘  to  3*  resulting  from  the  sunrise/sunset 
gradients  in  the  ionosphere  have  been  observed  by  Tedd  et  si 
(Reference  1)  for  a  number  of  one-hop  paths  in  Western 
Europe.  In  this  study,  the  transmission  path  is  located  in  the 
North  American  sector. 

2.  EXPERIMENTAL  RESULTS 

An  HF  transmitter  has  been  located  at  Clyde  River,  North 
West  Territories,  Canada,  and  the  bearings  of  the  signals 
measured  at  a  site  near  Boston.  Massachusetts,  in  the  U.S.A. 
The  frequencies  employed  ranged  from  3  MHz  to  23  MHz  and 
the  results  reported  here  are  for  frequencies  greater  than  10 
MHz.  The  upper  frequencies  have  been  selected,  since  they 
were  above  the  LUF  and  below  the  MUF  during  most  of  the 
dawn/dusk  periods.  Bearing  measurements  were  made  using 
a  wide  aperture  goniomctric  direction  finder  and  the  observed 
azimuthal  angle  of  arrival  was  recorded  at  30  second  intervals 
during  each  2  minute  transmission  interval.  The  transmissions 
were  repealed  at  half-hour  intervals  during  the  observing 
periods  which  covered  30  days  during  the  summer,  winter  and 
equinox  periods. 

The  results  obtained  during  January  1989  are  reproduced  in 
Figure  1  in  which  the  average  bearing  for  each  hourly  interval 
for  all  frequencies  above  10  MHz  has  been  plotted.  The 
signals  are  first  acquired  at  sunrise  when  the  path  opens  due  to 
the  increasing  electron  density  caused  by  the  solar 
illumination.  This  results  in  a  rapid  increase  in  MUF  to  a 
value  well  above  10  MHz.  At  this  time,  there  is  a  positive 
error  of  about  2'  in  the  bearing  measurement.  As  the  day 
progresses,  the  error  decreases,  becoming  zero  at  local  noon  at 
the  path  mid  point  (17:20  UT).  At  this  time,  the  ionosphere 
has  fully  formed  and  there  are  no  large  E-W  gradients  present. 
As  dusk  approaches,  the  electron  density  decreases  due  to  the 
increasing  domination  of  recombination.  The  E-W  tilt  is, 
therefore,  in  the  opposite  direction  to  that  at  sunrise.  This  can 
be  seen  as  a  small  1*  negative  error  in  the  bearing 
measurements.  The  smaller  error  at  dusk  is  to  be  expected 
since  the  gr-^ients  at  this  time  are  less  steep  than  at  sunri  e. 
This  can  be  seen  from  Figures  2(a)  and  (b),  in  which  the 
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contours  of  constant  electron  density  (iso-ionic  contours)  are 
reproduced  for  summer  and  winter  conditions  respectively. 
At  latitudes  between  45*  and  70*N,  the  sunrise  gradient  in 
winter  is  much  steeper  than  at  sunset.  In  summer,  the 
difference  is  not  so  marked  because  of  the  lower  values  of  the 
F-region  critical  frequency  which  occur  in  summer  daytime. 
The  transition  from  night  to  day  is,  therefore,  less  marked 
during  this  season.  This  conclusion  is  confirmed 
experimentally  and  the  systematic  bearing  error  during 
summer  is  too  small  to  measure. 

3.  DISCUSSION 

The  bearing  error  due  to  a  tilted  ionosphere  can  be  determined 
by  ray  tracing  analysis.  Ray  tracing  calculations  for  the 
Clyde-Bo.-ton  path  have  been  undertaken  by  means  of  the 
Jones  (Reference  2)  analysis.  The  model  ionosphere  assumed 
in  these  calculations  have  been  based  on  the  data  contained  in 
Figures  2(a)  and  (b).  Posiuve  bearing  errors  of  about  2  or  3 
degrees  are  obtained  from  the  winter  model  (Figure  2(a)) 
whereas  very  small  errors  (less  than  1  degree)  are  produced  by 
the  gradients  present  in  the  summer  model  (Figure  2(b)). 
These  calculations  confirm  the  experimental  evidence  that 
systematic  bearing  errors  are  associated  with  the 
sunrise/sunset  gradient  particularly  in  winter. 

The  present  results  and  those  of  Tedd  (Reference  1)  suggest 
that  these  bearing  errors  are  a  regular  feature  associated  with 
sunrise  and  sunset.  Thus,  a  simple  correction  (addition  and 
subtraction)  could  be  applied  to  the  measured  bearings  for  this 
type  of  propagation  path.  Note  that  the  maximum  error  will 
occur  for  North  -  South  paths  since  the  elec'ron  density 


gradient  is  then  orthogonal  to  the  path  direction.  As  the  path 
direction  moves  away  from  N  -  S,  the  bearing  error  due  to 
these  tilts  becomes  smaller  and  will  become  zero  for  E-W 
propagation  when  this  path  direction  is  parallel  to  that  of  the 
tilt.  The  magnitude  of  these  errors  is  not  critically  dependent 
on  path  length  provided  the  transmission  is  via  a  one-hop 
mode. 

4.  CONCLUSIONS 

The  gradients  in  electron  density  which  are  produced  in  the 
ionosphere  at  sunrise  and  sunset  can  influence  the  angle  of 
arrival  of  HF  signals.  This  is  particularly  true  for  paths  which 
are  perpendicular  to  the  gradient  since  maximum  deflection  of 
the  reflection  point  from  its  plane  mirror  position  will  occur 
when  the  tilt  is  at  right  angles  to  the  path.  The  gradient,  and 
hence  the  bearing  error,  are  greater  at  sunrise  than  at  sunset 
and  have  their  greatest  magnitude  in  winter.  In  summer,  when 
the  difference  in  the  magnitude  of  the  night-time  and  daytime 
electron  density  is  smaller,  little  change  is  observed  in  the 
bearing.  The  systematic  nature  of  these  errors  and  their 
repeatability  from  day  to  day  suggests  that  a  correction 
procedure  could  be  developed  for  their  removal. 
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Figure  1 .  DF  measurements  for  the  Clyde  River  -  Boston  path.  January  1909.  The  upper  frame  shows 
the  average  bearing  error  as  a  function  of  time  of  day  for  all  frequencies  above  10  MHz  and  the  lower 
frame  the  number  of  bearing  measurements  made. 
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Figure  2  (a).  World  maps  of  foF2  for  winter.  Note  tha  steep  East-West  gradients,  especially  at  sunrise. 
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SUMMARY 

It  is  well  known  that  the  auroral  zone  ionosphere  contains 
steep  time  varying  gradients  in  electron  density  which  can 
produce  large  off-great  circle  bearings  in  the  direction  of 
arrival  of  HF  radio  signals  reflected  from  this  region  of  the 
ionosphere.  Recent  DF  measurements  at  a  high  latitude  site 
indicate  that  large  bearing  errors  arc  also  observed  in  signals 
reflected  from  the  polar  cap  ionosphere  which  is  generally 
regarded  as  being  a  much  less  disturbed  region  than  the 
auroral  zone.  A  feature  of  these  measurements  is  a  large  (± 
SO*)  quasiperiodic  siring  in  the  direction  of  arrival  observed 
for  both  short  and  long  propagation  paths.  These  changes  in 
angle  of  arrival  are  attributed  to  reflection  from  patches  or 
"blobs"  of  over-dense  plasma  which  travel  with  the 
convection  current  flow  across  the  polar  cap  region  from 
dayside  to  nighlside.  The  periods  of  large  bearing  swings  are 
well  correlated  with  the  onset  of  magnetic  activity  as 
measured  by  the  Kp  index. 

1.  INTRODUCTION 

The  errors  measured  by  HF  direction  finders  on  signals 
received  over  high  latitude  propagation  paths  are  usually 
much  greater  than  those  of  signals  received  via  the  mid  and 
low  latitude  ionosphere.  These  errors  have  generally  been 
attributed  to  the  propagation  path  reflection  points  being  in  or 
near  the  auroral  oval  where  large  gradients  in  electron  density 
are  known  to  occur.  These  gradients  form  tilted  reflection 
surfaces  which  allow  off  great  circle  propagation  paths 
between  the  transmitter  and  the  DF  site.  In  November  1990  a 
controlled  series  of  experiments  were  undertaken  in  the  high 
Arctic,  at  Alert.  North  West  Territories,  Canada,  (82i'N, 
62.4*W)  with  a  goniometer  based  and  with  an  interferometer 
based  DF  system.  An  interesting  feature  of  the  data  collected 
during  the  tests  was  that  on  some  days  very  large  bearing 
swings  (in  excess  of  ±50")  were  measured  by  both  instruments 
and  on  two  propagation  paths.  Furthermore,  the 
interferometer  also  indicated  changes  in  the  elevation  angle  of 
arrival  although  these  were  not,  in  general,  well  correlated 
with  the  bearing  change*.  These  large  errors  were  measured 
on  the  Thule-Alert  path  (676  km)  which  is  always  contained 
entirely  within  the  polar  cap  and  on  the  Halifax-Alert  path 
(4200  km)  which  has  one  of  its  reflection  points  within  the 
polar  cap. 


Since  the  polar  cap  ionosphere  is  known  to  be  less  disturbed 
than  that  in  the  auroral  oval  and,  moreover,  there  is  no 
obvious  source  of  ionospheric  gradients  within  the  polar  cap 
region,  a  more  detailed  investigation  of  these  observations 
was  undertaken  with  a  view  to  identifying  the  cause  of  the 
bearing  errors.  A  possible  cause  of  these  errors  is  identified 
and  the  geophysical  parameters  responsible  for  the 
distuibance  discussed. 

2.  EXPERIMENTAL  OBSERVATIONS 

During  the  period  1 1  -20  November  1990,  measurements  were 
made  at  Alert  of  the  arrival  angles  of  the  signals  received 
from  Thule  (8.050  MHz)  and  Halifax  (8.697  MHz).  These 
transmitters  are  located  at  676  and  4200  km  from  Alert 
respectively  (see  Figure  1). 

Both  the  azimuth  data  collected  by  the  goniometer  system  and 
the  azimuth  and  elevation  angles  measured  by  the 
interferometer  indicate  that  large  time  varying  changes  in 
these  parameters  are  frequently  observed.  Typical  examples 
of  the  large  azimuth  changes  recorded  by  the  goniometer 
system  on  18  November  1990,  are  reproduced  in  Figure  2  (a) 
and  (b).  In  Figure  2  (a)  the  bearings  of  the  8.050  MHz  Thule 
transmission  are  plotted  as  a  function  of  the  time  of  day  (UT). 
Similar  azimuth  angle  data  measured  by  the  same  system  for 
the  Halifax  (8.697  MHz)  signal  are  reproduced  in  Figure  2(b). 
Very  large  bearing  swings,  of  more  than  100  degrees,  are 
evident  on  both  paths  during  the  period  08.00  to  1Z00  UT  (ie. 
04.00  to  08.00  local).  Note  that  the  swing  is  from  a  negative 
bearing  error  through  the  true  great  circle  position  to  a 
positive  error  in  both  cases.  The  true  bearings  for  the  Halifax 
and  Thule  transmitters  are  182  and  194  degrees  respectively 
and  these  are  marked  on  the  figure.  The  period  between  12.00 
and  16.00  UT  is  relatively  undisturbed  but  after  18.00  UT 
(14.00  local),  large  bearing  errors  are  again  observed  on  the 
Thule  path.  At  this  time,  however,  the  bearing  moves  from  a 
large  positive  value,  through  the  great  circle  position,  to  a 
large  negative  value,  time  progresses.  Note  that  the 
number  of  bearing  swir  ,  fewer  in  the  post  noon  than  in  the 
pre  noon  r  'arge  bearing  errors  are  observed 

only  on  the  i  nun.  y .  i  .z  post  noon  period. 

The  azimuth  and  elevation  angle  data  measured  by  the 
interferometer  during  the  17  November  are  reproduced  in 
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Figure  3  (a  end  b)  for  the  8.050  MHz  transmission  from 
Thule.  High  time  resolution  plots  of  these  data  indicate  that 
two  or  more  bearing  angles  can  occur  simultaneously  but  the 
dominant  feature  is  the  swing  fjom  small  to  large  bearings  as 
time  progresses.  The  changes  in  the  elevation  angle  are  less 
well  defined  than  those  in  azimuth  and  there  is  a  considerable 
(-15*)  spread  in  this  parameter. 

3.  INTERPRETATION  OF  THE  DATA 

3.1  Production  mechanisms  for  Urge  bearing  errors 
The  large  periodic  swings  in  azimuth,  for  example  on  the  17 
and  18  November,  indicate  that  the  the  incoming  wave 
direction  varies  from  approximately  SO*  on  one  side  of  the 
true  bearing  to  50*  on  the  other  side  of  true  bearing  within 
about  30  mins.  The  azimuth  change  is  accompanied  by 
changes  in  elevation  angle  which  do  not  appear  to  be  directly 
correlated  with  the  bearing  change. 

To  produce  off  great  circle  path  propagation,  tilts  and/or 
gradients  in  electron  density  are  required.  If  the  bearing 
changes  with  time,  then  either  the  gradient  must  change  or  the 
reflection  point  must  move  relauve  to  the  transmitter-receiver 
direction.  Gradient  changes  associated  with  the  auroral  oval 
or  the  high  latitude  trough  can  give  rise  to  large  bearing 
errors,  however,  these  gradients  are  slow  moving  and  cannot 
produce  the  quasi  periodicity  which  are  a  feature  of  the 
present  observations.  The  most  common  disturbances  in  the 
ionosphere,  which  gives  rise  to  time  variations  similar  to  those 
observed,  are  those  associated  with  travelling  ionospheric 
disturbances  (TIDs).  TIDs  can  occur  at  any  latitude  and  at 
any  time  of  day  or  season.  The  period  of  these  disturbances 
ranges  from  20  min  to  more  than  1  hour.  However,  the 
electron  density  gradients  associated  with  TIDs  are  relauvely 
small  and  will  typically  produce  off  great  circle  bearings  of 
about  ±5*  for  a  one  hop  propagation  path  (Reference  1).  Even 
assuming  that  TIDs  in  the  auroral  oval  were  larger  than 
normal,  they  could  not  produce  the  very  large  ±50*  bearing 
errors  observed. 

Gradient  features  specifically  related  wiOi  the  polar  cap  region 
are  those  associated  with  convecting  plasma  'blobs'  or  patches 
cf  enhanced  electron  density.  Recent  observations 
(Reference  2)  of  the  polar  cap  ionosphere  have  established  the 
existence  of  large  blobs  of  over-dense  plasma  which  convecl 
across  the  polar  cap  region  carried  along  by  the  convection 
current  flows.  These  flows  usually  form  a  two-cell 
convection  pattern  with  the  flow  over  the  pole  being  from  the 
dayside  to  nightside,  (see  Figure  4).  On  the  dayside,  during 
moderate  geomagnetic  activity,  pans  of  the  enhanced  auroral 
oval  plasma  can  become  detached.  Due  to  the  long 
recombination  time-constants  in  the  F-region  this  detached 
plasma  will  have  a  long  life  time  (several  hours)  and  so  will 
move  across  the  polar  cap  embedded  into  the  normal 
convection  flow.  The  feature  will  then  appear  as  a  patch  or 
blob'  of  over-dense  plasma  moving  through  the  ambient  polar 
cap  ionosphere. 

These  features  have  been  observed  by  high  latitude  incoherent 
scatter  radars  such  as  Sonderstrom fjord,  Millstone  Hill  and 
EISCAT.  The  electron  density  within  the  blobs  is 
considerably  greater  than  that  of  the  ambient  ionosphere. 
Consequently,  the  blob  boundaries  correspond  to  regions  of 
steep  gradients  in  electron  density  which  act  as  good  tilted 


reflectors  for  HF  radiowaves.  It  should  be  noted  that  the  over- 
dense  plasma  regions  can  extend  laterally  for  several  hundred 
kilometres  and  extend  in  height  throughout  the  F-region.  The 
features  of  individual  blobs  can  vary  considerably  and  their 
density  will  gradually  decrease  as  recombination  taken  place. 

The  physical  processes  which  produce  the  detached  plasma 
patches  are  not  well  understood  but  are  known  to  be 
associated  with  the  dayside  cusp  region  of  the  magnetosphere, 
with  the  level  of  geomagnetic  activity  and  the  magnitude  and 
direction  of  the  interplanetary  magnetic  field  (IMF).  In  order 
to  account  for  the  DF  observations  it  now  has  to  be 
established  that  time  varying  bearing  errors  can  be  produced 
by  the  convecting  blobs. 

32  Modelling  of  the  bearing  changes  due  to  a  plasma 
blob 

Let  the  blob  be  of  sufficiently  high  electron  density  u>  reflect 
the  radiowave  transmitted  from  T  and  received  at  R  -  see 
Figure  5.  Assuming  that  the  electron  density  gradients  in  the 
blob  are  such  that  they  are  capable  of  reflecting  the  signal,  a 
propagation  path  from  T  to  R  via  the  blob  will  be  established 
as  soon  as  the  blob  is  illuminated  by  the  transmiuer  (posiuon 
A).  This  will  produce  a  bearing  error  flj.  As  the  blob  moves 
along  the  direction  AB,  the  bearing  error  will  decrease  and  the 
elevation  angle  increases.  The  signal  will  be  received  along 
the  great  circle  position  when  the  blob  is  at  point  D.  The 
bearing  will  then  increase  in  the  opposite  sense  (02)  as  the 
blob  travels.  The  maximum  clevauon  angle  will  be  recorded 
at  the  point  of  closest  approach  to  the  receiver,  ie.  at  C.  The 
bearing  angle  error  continues  to  increase  as  the  blob  moves  to 
the  radio  horizon  of  the  transmitter  at  B.  This  sequence 
depends  on  the  blob  always  presenting  a  suitable  gradient  for 
propagation  to  occur  between  the  transmitter  and  receiver. 
This  would  require  convex  reflecting  surfaces,  as  would  be 
the  case  in  an  over-dense  blob. 

Since  the  exact  form  of  the  blob  is  not  known,  and  will,  in  any 
case,  vary  from  blob  to  blob,  a  somewhat  simplified  approach 
has  been  adopted  in  order  to  model  the  variation  of  the 
azimuth  and  elevation  angles  with  time  during  the  transit  of 
the  blob.  It  has  been  assumed  that  the  blob  is  a  point  specular 
reflector  which  moves  along  any  arbitrary  linear  path.  The 
height  of  the  reflector  can  be  vaned  as  can  the  path  direction 
and  the  velocity  of  transit.  The  computer  simulation  indicates 
that  changing  the  height  of  the  reflector  (100  and  300  km) 
makes  little  difference  to  the  form  the  variation  in  either 
parameter.  The  magnitude  of  the  changes  are,  however, 
greater  when  the  higher  (300  km)  reflection  height  is  adopted. 

As  might  be  expected,  the  position  of  the  reflector  relative  to 
the  receiver  at  its  point  of  closest  approach,  makes  a 
considerable  difference  to  the  rate  of  change,  particularly  in 
the  bearing  angle.  Furthermore,  if  the  reflector  were  to  pass 
directly  over  the  receiver,  any  azimuthal  angle  of  arrival  could 
be  generated.  The  above  modelling  serves  only  to  illustrate 
the  kind  of  changes  that  may  be  expected  and  such  changes 
have  been  observed  in  the  measured  data.  For  a  real  blob, 
neither  the  reflection  height  nor  the  reflection  point  on  the 
blob  would  remain  constant  as  the  blob  travels  and  these 
changes  would  influence  both  the  azimuth  and  elevation 
angles  measured  at  the  receiver.  The  changes  in  reflection 
geometry  between  transmitter  and  receiver  would  also  have  to 
be  taken  into  account  as  would  the  size  of  the  blob  (several 
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hundred  km).  For  example,  the  blob  may  not  travel  along  a 
straight  line  path  and  there  may  be  more  than  one  blob  feature 
present  at  any  given  time.  A  more  realistic  model  of  this  hind 
is  now  being  developed. 

33  Diurnal  changes 

One  of  the  interesting  features  of  the  large  bearing  swings 
observed  on  both  17  and  18  November  on  the  Thule-Alert 
path  is  that  the  direction  of  rotation  of  the  bearing  error  is 
different  in  the  pre  and  post  noon  periods.  Around  local  noon 
there  is  little  change  in  bearing  which  is  near  to  its  great  circle 
value.  Thus,  the  bearing  changes  from  small  to  large  values 
in  the  morning  and  from  large  to  small  values  in  the 
afternoon.  This  implies  that  the  direction  in  which  the 
reflecting  blob  crosses  the  great  circle  path  between  the 
transmitter  and  receiver  must  change  between  the  two  periods. 

A  basic  model  of  the  polar  cap  convection  flow  is  reproduced 
in  Figure  4.  The  two-cell  structure  is  clearly  evident  as  is  the 
anti-sunwatd  flow  over  the  magnetic  pole.  This  pattern  is 
fixed  in  space  (relative  to  the  sun)  and  the  earth  rotates 
beneath  these  flows.  For  the  Halifax  and  Thule  to  Alert  paths, 
local  and  magnetic  times  are  quite  similar,  thus,  in  the 
morning  the  flow  is  almost  orthogonal  to  the  path  (T  -  R)  as 
indicated  in  Figure  6  (a)  Blobs  detached  from  the  dayside  (~ 
12.00  UT)  will  follow  the  direction  of  the  convection  flow 
over  the  polar  cap  as  indicated  by  the  arrow.  Reflections  from 
the  blob  will  thus  be  received  first  when  it  is  in  position  (1), 
ie.  the  measured  bearing  will  be  smaller  than  tile  great  circle 
value.  As  the  blob  moves  with  the  flow,  the  bearing  angle 
will  increase  to  its  true  great  circle  (zero  error)  position  and 
continue  to  increase  as  the  blob  travels  away  to  position  (2). 

Near  noon.  Figure  6  (b).  the  flow  is  approximately  parallel  to 
the  propagation  path,  consequently  the  presence  of  blobs  will 
have  little  effect  on  the  azimuthal  angle  of  arrival  although 
they  will  still  produce  changes  in  the  elevation  angle. 

In  the  post  noon  period,  the  flow  is  again  almost 
perpendicular  to  the  path  but  this  time  the  earth  has  rotated  so 
that  the  path  is  in  the  position  shown  in  Figure  6  (c).  When 
reflections  from  the  blob  are  first  obtained,  position  (1),  the 
bearings  will  be  larger  than  the  great  circle  values.  These 
values  will  decrease  as  the  blob  moves  with  the  convection 
flow,  the  smallest  bearing  angles  being  recorded  at  position 
(2),  when  the  path  from  the  blob  finally  disappears. 

The  change  in  position  of  the  propagation  path  relative  to  the 
Ionosphere/Magnetosphere  convection  flow  as  the  earth 
rotates,  can  account  for  the  change  in  the  direebon  of  rotation 
of  the  measured  bearing  errors  between  the  pre  and  post  noon 
periods.  The  number  of  bearing  swings  will  depend  on  the 
number  of  blobs  present  that  can  provide  reflection  points 
between  the  transmitter  and  receiver.  The  period  of  the 
bearing  swing  will  depend  on  the  velocity  of  the  blob  relative 
to  the  transmission  path.  This  will  depend  on  several  factors 
including  the  velocity  of  the  flow  vectors  which,  in  turn, 
depend  on  the  magnitude  and  direction  of  the  IMF  and  the 
cross-cap  potential. 

3.4  Correlation  with  other  geophysical  observations 
ftl  The  Thule  ionosonde.  The  presence  of  large  blobs  of 
over-dense  plasma  should  register  on  a  vertical  incidence 
ionosonde  located  in  the  convection  flow  region  as  a 


substantial  increase  in  the  F-region  critical  frequency  while 
the  blob  is  within  the  first  Fresnel  zone  of  the  ionosonde.  The 
duration  of  the  F-region  critical  frequencies  enhancement 
will,  of  course,  depend  on  the  velocity  of  the  blob.  The  time 
plot  of  foF2  should,  therefore,  contain  quasi  periodic 
enhancements  during  Mob  activity.  Such  plots  are  reproduced 
in  Figure  7a  and  7b  from  data  produced  by  the  Thule 
ionosonde  (17  and  18  November  1990)  (Reference  3).  For 
contrast,  the  variation  of  foF2  for  a  quiet  day  (19  November 
1990)  is  presented  in  Figure  7c. 

There  is  a  very  clear  difference  between  the  F-region 
behaviour  as  measured  by  the  ionosonde  on  the  blob  active 
and  quiet  days.  The  data  presented  in  Figure  7  confirm  that 
large  transient  enhancements  in  election  density  occurred  on 
17  and  18  November  whereas,  in  contrast,  no  such  changes 
were  present  on  the  quiet  day  (19  November).  Comparison 
with  the  DF  data  indicates  that  large  bearing  errors  are  only 
present  on  those  days  when  the  ionosonde  records  large 
transient  fluctuations  in  foF2.  Good  bearing  performance  it 
always  obtained  dunng  quiet  days  when  there  are  no 
disturbances  in  the  ionosonde  records.  Detailed  comparison 
between  the  measured  foF2  and  bearing  fluctuations  indicate 
that  there  is  not  a  high  degree  of  correlation  between 
individual  events.  This  may  be  due  to  the  location  of  the 
ionosonde  not  being  at  the  propagation  path  mid  point  or  that 
the  blobs  might  change  their  form  as  they  propagate  from  the 
location  of  the  ionosonde  to  that  of  the  DF  path  reflection 
point 

The  study  of  the  ionosonde  data  revealed  that  the  disturbances 
in  critical  frequency  occurred  only  during  periods  of  relatively 
high  geomagnetic  activity.  The  3  hour  Kp  values  have  been 
included  in  Figure  7  and  it  is  evident  that  these  are  much 
higher  for  the  active  days  compared  with  the  quiet  day.  It 
appears  that  an  Ap  value  of  10  or  greater  can  lead  to  the  type 
of  fluctuation  of  foF2  associated  with  propagating  blobs.  This 
suggests  that  the  magnetometer  data  might  provide  an 
indication  of  blob  activity  and,  hence,  of  the  likely  occurrence 
of  large  bearing  errors. 

fii)  Magnetometer  measurements.  It  has  already  been 
established  that  days  of  moderate  magnetic  activity  (Ap>10, 
Kp  >  3)  were  likely  to  have  blob-like  features  which  could  be 
detected  by  the  Thule  ionosonde  in  foF2  and  by  the  DF 
systems  at  Alert  as  large  bearing  errors  on  the  polar  cap 
propagation  paths.  To  enable  closer  inspection  of  the 
magnetic  disturbances,  magnetometer  measurements  were 
obtained  from  four  sites  in  Northern  Canada  (St  Johns,  Great 
Whale,  Resolute  and  Alert)  which  covered  a  range  of 
geomagnetic  latitude  from  60*  to  86*N. 

The  large  bearing  errors  were  observed  on  days  320  and  321 
(17  and  18  November)  in  the  periods  8  to  12  and  18  to  24  UT. 
The  17  November  (day  320)  corresponds  to  the  onset  of 
magnetic  activity  at  all  four  magnetometer  sites  and  this  is 
particularly  evident  in  the  Great  Whale  data.  At  Resolute  and 
Alert  these  disturbances  occur  in  the  afternoon  whereas  the 
bearing  errors  were  present  during  both  pre  and  post  noon 
periods.  The  disturbances  at  Great  Whale,  however,  occur  in 
the  morning  period  some  2  or  3  hours  before  the  large  bearing 
errors  were  recorded  at  Alert.  The  Great  Whale 
magnetometer  is  located  under  the  auroral  ova]  at  this  time 
and  is,  therefore,  sensitive  to  current  flows  (conductivity 
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changes)  within  the  oval.  These  disturbances  could,  therefore, 
be  associated  with  changes  in  the  oval  which  lead  to  plasma 
break-up  on  the  dayside  and,  hence,  to  blob  production. 
Further  investigation  is  needed  of  the  relationship  between  the 
magnetometer  disturbances,  the  production  of  blobs  and  the 
incidence  of  large  bearing  errors  in  DF  measurements  at  Alert 

4.  SUMMARY  AND  CONCLUSIONS 

During  DF  measurements  at  Alert  large  quasi  (>±  S0‘) 
periodic  bearing  changes  were  observed  on  a  number  of 
occasions.  These  targe  errors  were  observed  on  a  short  (676 
km)  path  contained  entirely  within  the  polar  cap  and  on  a 
longer  (4200  km)  traits  auroral  path  which  had  a  reflection 
point  in  the  polar  cap.  For  the  short  path,  the  direction  of 
change  of  the  bearing  error  was  different  in  the  pre  and  post 
noon  periods. 

Possible  causes  of  these  large  errors  have  been  examined  and 
evidence  is  presented  which  suggests  that  they  are  due  to  the 
convection  of  large  blobs  of  over-dense  plasma  across  the 
polar  cap.  Modelling  of  the  moving  reflection  point  yields 
changes  in  the  azimuth  and  elevation  angles  similar  to  those 
observed  experimentally.  Moreover,  the  blob  movement 
along  the  convection  flow  would  account  for  the  difference  in 


direction  of  the  bearing  swings  in  the  morning  and  afternoon 
periods.  The  presence  of  ‘blobs'  has  been  related  to 
disturbances  on  (a)  the  vertical  incidence  ionosonde  at  Thule 
and  (b)  a  number  of  magnetometers  located  in  Northern 
Canada. 
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Figure  2.  Largs  bearing  srrars  observed  on  the  Thule  •  Alert  (TA)  and  Halifax  -  Alert  (HA)  paths, 
18  November  1990. 


Azleuth  va  Tl'fio 


TA  0.050  MHZ  17/11/90  0000-1600 


0  9 


10  II 


12  13  14 


IS  16 

Tina  (UT) 


figure  3.  Interferometer  measurements  ol  the  (a)  azimuthal  and  (b)  elevation  angles  of  arrival  of  the 
8.050  MHz  signal  from  Thule,  08.00  to  16.00  UT,  17  November  1990 


PLASMA  CONVECTION  PATTERN  FOP  &2  NEGATIVE 

(ROMFSIIS-CHBISTENSEN  ET  AL  I9SE) 


Figura  4.  Plasma  convection  flow  over  the  polar  cap  showing  the  two  cell  pattern  with  dawn  to  dusk  flow 
over  the  rr  ignetic  pole. 
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Figure  5  Schematic  diagram  of  plasma  'blob'  movement  relative  to  the  great  circle  propagation  path 
(T  to  R).  Note  the  change  in  the  off  great  circle  path  as  the  'blob'  convects. 
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Figure  7.  Changes  in  F-region  critical  frequency  observed  at  Thule  during  periods  of  blob  activity 
(17, 18  November  1990)  when  large  bearing  errors  were  measured  at  Alert.  An  undisturbed  day 
(19  November  1990)  is  included  for  comparison. 


DISCUSSION 

R.W.  JENKINS 
Comments: 

1.  At  the  end  of  your  presenUUon,  you  mentioned  thit  on  the  e«st-west  pith,  between  Halifax  and  Ottawa,  the  observed  bearing 
swung  to  the  north  for  several  hours  in  local  evening  on  the  days  when  the  large  swings  are  observed  at  Alert.  This  could  be  due  to 
a  leflection  from  the  northern  edge  of  the  ionospheric  trough,  coupled  with  a  drop  in  the  MUF  for  the  great-circle  path  causing  that 
path  to  be  absent  for  that  time.  Such  an  effect  was  observed  by  us  using  the  Ottawa  HFDF  array,  on  signals  from  an  aircraft  flying 
over  the  North  Atlantic  region  near  Newfoundland,  and  is  reported  in  a  previous  AGARD-EPP  conference  ('Direction  and  Doppler 
Characteristics  of  Medium  and  Long  Path  HF  Signals  Within  the  Night-Time  Sub  Auroral  Region.'  R.W.  Jenkins,  E.L.  Hagg.  and 
LE.  Montbriond.  Paper  20.  AGARD-CP-233.  1979). 

2.  We  have  looked  at  the  same  high-latitude  data  taken  by  interferometer,  and  also  interpret  the  observed  motions  to  be  due  to 
con. acting  patches.  However,  we  expect  that  there  will  be  a  great  many  reflecting  points  or  scattering  points  within  these  patches 
due  to  turbulences  caused  by  the  gradirnt-dnft  instability  -  which  should  cause  the  spreading  in  both  beanng  and  elevation  between 
consecutive  interferometer  measurements.  We  were  able  to  infer  the  locations  of  the  convecting  patches,  as  well  as  motions, 
between  300  and  800  m/sec,  and  the  directions  of  those  motions  to  be  in  agreement  with  the  Friis-Anderson  2-ceil  convection 
patt-ms. 

D.  HAINES 

Did  you  ever  see  a  great  circle  bearing  angle  superimposed  upon  the  deviated  path  or  is  the  bearing  angle  usually  dominated  by  the 
off-great-circle  path  when  plasma  patches  exist? 

AUTHOR’S  REPLY 

In  10  days  of  data  we  observed  no  case  m  which  an  off-greal-circle  and  great-circle-palh  were  superimposed.  When  present,  the 
signtis  propagated  \  la  the  plasma  patches  did  dominate  the  bearing  angle. 
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SUMMARY 

The  performance  of  high  frequency  (HP)  direction  finding 
systems  is  related  to  the  mode  content  of  the  received  signal 
and  to  the  signal  frequency.  In  order  to  fully  investigate  this 
effect,  a  novel  experiment  has  been  devised  to  measure  the 
direction  of  arrival  of  oblique  ionospheric  sounding  signals 
emitted  by  the  worldwide  network  of  BR  Communications 
chirp  sounders.  These  signals  are  radiated  as  a  constant 
sweep  chirp  signal  horn  2  to  16  or  30  MHz  thus  enabling  the 
DF  performance  to  be  measured  over  the  full  range  of 
frequencies  propagating  from  the  chosen  transmitter. 
Simultaneous  oblique  ionograms  are  also  recorded  for  the 
paths  of  interest  in  order  to  determine  the  mode  structure  at 
any  frequency. 

Preliminary  test,  of  the  system  have  been  undertaken  at 
Ottawa,  Canada  and  Cheltenham.  UK  with  the  directions  of 
arrival  measured  by  a  wide  aperture  goniometric  DF  system. 
Several  interesting  features  have  been  identified  in  these 
measurements.  A  further  measurement  campaign  has  been 
conducted  during  April  1992  at  Alert,  a  very  high  latitude  site 
in  the  Canadian  Arctic  where  very  large  bearing  errors  and 
systematic  bearing  swings,  sometimes  in  excess  of  ±50*.  are 
known  to  occur. 

1.  INTRODUCTION 

The  performance  of  high  frequency  direction  finding  systems 
is  known  to  be  related  to  the  mode  content  of  die  incoming 
signal  and  to  the  frequency  of  operation.  Furthermore,  signals 
propagating  via  the  high  latitude  ionosphere  are  known  to  be 
particularly  disturbed  with,  for  example,  the  signal  often 
arriving  at  the  receiver  over  paths  well  displaced  from  the 
great  circle  (see  Reference  1  reproduced  elsewhere  in  these 
proceedings).  Observations  .a  Alert,  located  high  in  the 
Canadian  Arctic,  have  indicated  that  large  off  great  circle 
bearings  on  fixed  frequency  signals  are  associated  with 
definable  features  on  oblique  ionograms  taken  over  the  paths 
of  interest.  In  order  to  further  investigate  these  phenomena,  a 
system  has  been  developed  which  can  measure  the  bearings  of 
signals  radiated  by  the  worldwide  network  of  BR  chirp 


sounder  transmitters  across  the  full  range  of  propagating 
frequencies. 

Prelm  inary  tests  of  the  system  were  undertaken  in  Ottawa 
during  August  1991  and  at  Cheltenham  during  January  1992 
with  further  measurements  at  Alert  during  April  1992. 
Results  of  a  preliminary  nature  from  the  January  1992  test  are 
presented  here.  Further  experiments  and  analysis  are  required 
to  fully  understand  the  influence  of  the  mode  structure  on  the 
measured  DF  bearing  accuracy. 

2.  EXPERIMENTAL  ARRANGEMENT 

2.1  BR  Communications  chirp  sounders 
The  RCSSA  is  a  sweeping  HF  receiver  which  tunes  through 
the  HF  spectrum  in  synchronism  with  a  transmitter  at  the  far 
end  of  the  circuit  under  investigation.  The  transmitter  emits  a 
CW  signal  which  starts  at  2  MHz  and  sweeps  upward  in 
frequency  at  a  constant  rate  of  50  or  100  kHz  per  second  for 
280  seconds  finishing  at  either  16  or  30  MHz  depending  upon 
the  sweep  rate.  An  internal  clock  in  the  RCSSA  receiver 
starts  its  sweep  synchronously  with  the  transmitter  and 
precisely  tracks  the  sweeping  transmitter  signal. 

The  radio  signal  propagates  by  various  modes  (eg.  1  hop, 
2  hop,  etc.)  which  have  different  propagation  delays.  These 
delays  correspond  to  the  time  required  for  the  signal  to  travel 
from  the  transmitter  to  the  ionosphere  and  back  to  the 
receiver.  Assuming  that  the  transmit  and  receive  sweeps  are 
started  at  exactly  the  same  time,  the  RCS5A  receiver  sweep 
will  have  advanced  to  a  slightly  higher  frequency  by  the  time 
that  the  transmitted  signal  arrives  at  the  receiver.  This 
received  frequency  difference  is  converted  to  an  audio 
baseband  tone  in  the  receiver.  Tones  of  increasing  frequency 
indicate  increasing  time  delay  of  the  ionospherically 
propagated  signal.  In  practice,  multiple  tones  are  present  in 
the  sounder’s  baseband  audio  signal  which  represent  the 
various  delays  caused  by  the  diffe-ent  propagation  modes. 
These  multiple  tones  are  processed  within  the  RCS5A  into 
discrete  components  which  correspond  to  the  various 
ionospheric  modes  present  in  the  received  signal.  The 
processed  signal  spectra  are  displayed  as  an  oblique  ionogram 
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on  die  RCS5A  front  panel  display.  In  addition,  these  data  are 
output  on  a  serial  RS232  link,  thus  enabling  the  ionograms  to 
be  collected  and  stored  w  th  the  aid  of  a  computer  system. 

Further  details  of  the  BR  chirp  sounder  system  may  be  found 
in  Reference  2,  together  with  details  of  ROSE,  an  enhanced 
signal  processing  facility  which  is  to  be  employed  on  future 
measurement  campaigns. 

22  DF6  direction  finding  system 

The  DF6  is  an  automatic  HF  direction  finding  system  capable 
of  operation  in  the  frequency  range  3  -  30  MHz.  The  antenna 
array  is  a  Plesscy  PUSHER  array  comprising  two  concentric 
24  element  circular  arrays  with  diameters  of  75  m  and  25  m. 
The  larger  of  the  two  arrays  (the  lowband  array)  operates  a, 
frequencies  of  between  3  MHz  and  (usually)  10  MHz,  and  the 
smaller  of  the  arrays  (the  highband  array)  at  frequencies 
between  (usually)  10  MHz  and  30  MHz.  At  Ottawa  and 
Alert,  both  of  the  arrays  consist  of  single  element  vertical 
monopoles  whereas  at  Cheltenham  the  low  band  array 
comprises  doublet  antennas  to  give  an  improved  beam  pattern. 

RF  signals  from  the  sum  beam  output  of  a  PUSHER  antenna 
are  demodulated  in  the  system  receiver  and  combined  with 
goniometer  positional  information  for  initial  processing.  An 
average  beam  pattern  from  successive  rotations  of  the 
goniometer  is  then  formed.  These  average  patterns  are  known 
as  composite  scans.  Bearings  are  then  computed  by  applying 
software  algorithms  to  the  digitised  composite  goniometer 
sum  beam  patterns.  Further  details  of  the  signal  processing 
can  be  found  elsewhere  in  these  proceedings  (Reference  3). 

23  Sweeping  DF  configuration 

A  block  diagram  of  the  configuration  of  the  Sweeping  DF 
system  is  presented  as  Figure  1.  The  BR  sounder  receiver  is 
connected  to  an  omni-directional  antenna  of  the  type 
employed  for  the  elements  of  the  DF  array  (elevated  feed 
vertical  monopole).  This  type  of  antenna  was  chosen  to 
ensure  that  a  close  match  is  achieved  between  the  elevation 
angle  sensitivity  of  the  antennas  from  which  the  bearing  of  the 
received  signal  and  the  antenna  employed  for  the  mode 
content  estimation.  The  oblique  ionograms  are  output  from 
the  RCS5A  in  digital  form  and  stored  on  a  PC  for  subsequent 
analysis.  Future  experiments  will  employ  the  ROSE  signal 
processing  unit  (Reference  2)  to  obtain  higher  resolution 
ionograms  from  the  RCS5A. 

The  local  oscillator  signal  from  the  chirp  sounder  receiver  is 
fed  into  a  signal  frequency  converter  unit  which  converts  the 
variable  frequency  chirp  sounder  signal  being  received  on  the 
DF  array  into  a  constant  frequency  signal  of  29  750  MHz 
which  is  input  to  the  DF  system.  A  second  PC  is  used  to  task 
the  DF  to  provide  composite  scan  information  (0.5  second 
averages)  which  are  returned  to  the  PC  for  storage  and 
subsequent  analysis.  A  signal  is  output  from  the  RCS5A  at 
the  start  of  each  sweep  which  is  sensed  by  the  DF  tasking  PC 
to  provide  synchronisation  between  the  two  parts  of  the 
system. 

3.  EXPERIMENTAL  OBSERVATIONS 

At  the  time  of  writing,  the  Sweeping  DF  system  has  been 
deployed  at  Ottawa,  Canada  and  at  Cheltenham,  UK  and 
several  days  test  of  data  collected.  Examples  of  these 


measurements  for  the  path  from  Oslo  to  Cheltenham  are  now 
presented. 

3.1  Ionograms  and  bearing  measurements 
Figures  2,  3  and  4  show  examples  of  the  oblique  ionograms 
and  associated  bearing  measurements  (0.5  second  integration 
tune)  for  three  sweeps  received  over  the  1200  km  path  from 
Oslo  to  Cheltenham  at  02:30  UT  on  12  lanuary  1992, 
11:00  UT  on  9  January  1992  and  at  12:00  UT  on 
8  January  1992  respectively.  The  upper  frame  of  these  Figures 
display  the  measured  bearing  of  the  chirpsounder  signal  with 
a  0.5  second  integrauon  time  and  in  the  lower  frame  are  the 
corresponding  ionogram  measurements.  The  y-axis  scale 
indicating  the  path  delay  has  an  arbitrary  zero  since  it  is  not 
possible  to  perfectly  synchronise  the  chirpsounder  receiver 
with  the  transmitter.  Each  of  the  ionogram  traces  is  coded  on 
a  grey  scale  corresponding  to  the  received  signal  amplitude 
for  each  mode.  The  true  bearing  of  the  Oslo  transmitter  is 
approximately  31°. 

The  ionogram  of  Figure  2  shows  predominantly  sporadic  E 
(Es)  propagation  over  the  full  HF  band.  A  spread  F  region 
trace  is  apparent  up  to  a  frequency  of  around  8  MHz.  A  large 
bearing  spread  of  about  ±2°  is  evident  from  around  9  MHz  to 
30  MHz  with  some  evidence  of  a  frequency  dependence 
corresponding  to  the  sporadic  E  mode.  Between  6  and  9  MHz 
very  few  bearings  are  returned  by  the  DF. 

Figure  3  illustrates  a  period  of  predominantly  mulbple  hop 
F-region  propagation  with  an  MUF  of  about  26  MHz.  Large 
bearing  spreads  of  ±5°  arc  apparent  at  frequencies  up  to 
16  MHz,  the  maximum  frequency  propagated  by  the  2-hop  F 
mode.  Between  16  and  26  MHz,  the  MUF,  the  bearings  do 
not  display  large  random  fluctuations.  Two  interesting 
features  occur  in  this  frequency  interval,  (a)  the  sinusoidal 
like  variations  between  18  and  20  MHz,  and  (b)  the  sudden 
-1°  change  at  about  23  MHz. 

A  similar  period  to  the  previous  example,  but  on  a  different 
day,  is  presented  as  Figure  4.  In  this  case,  a  large  systematic 
swing  in  bearing  of  about  +7“  is  evident  between  10  and 
22  MHz. 

32  Diurnal  effects 

In  order  to  examine  the  diurnal  changes  in  both  the  ionograms 
and  the  associated  bearing  measurements,  three  types  of 
graphical  display  have  been  developed.  Examples  of  these  are 
presented  in  Figures  5,  6  and  7  for  the  measurements  of 
8  January  1992. 

The  modal  structure  of  the  signals  as  a  function  of  time  of  day 
and  frequency  is  presented  in  Figure  5.  In  this  diagram,  each 
mode  is  represented  by  a  different  shade  on  a  grey  scale.  The 
black  regions  indicate  the  frequency  range  over  which  both 
high  and  low  angle  signals  are  received  via  F-region 
propagation.  This  corresponds  to  the  F-regton  ’nose'  near  to 
the  MUF  on  the  ionogram  of  Figure  4.  Below  this  high/low 
angle  region  is  the  frequency  range  at  which  the  signal  is 
propagated  by  a  single  F-region  reflection,  and  below  this  the 
region  of  multiple  moded  propagation,  both  by  multiple 
F-region  hops  and  by  E-region  reflections  (the  dash  indicates 
the  -  ximum  frequency  supported  by  the  E-regton).  Of 
particular  note  are  the  presence  of  sporadic  E  (Es)  reflections 
betwee  i  about  03.00  UT  and  09:00  UT  which  increase  the 
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MUF  to  frequencies  well  in  excess  of  those  supported  by  the 
F-region. 

Corresponding  to  the  mods!  structure  indicated  in  Figure  5, 
the  signal  strengths  are  presented  in  Figure  6,  the  darker 
shades  representing  the  stronger  signals.  Of  particular  note  is 
the  low  signal  level  of  the  sporadic  E  reflections,  there  being 
no  apparent  difference  from  the  background  signal  level. 

The  bearing  spreads  (standard  deviations)  corresponding  to 
the  data  presented  in  Figures  5  and  6  are  given  in  Figure  7. 
The  most  striking  feature  of  these  measurements  is  the  high 
correlation  of  the  region  of  low  bearing  spread  with  the  region 
of  single  moded  propagation  as  indicated  in  Figure  5.  Larger 
bearing  standard  deviations  are  observed  when  the  signal  is 
not  single  moded.  Few  good  bearing  measurements  occur  at 
frequencies  less  than  about  6  MHz  (the  DF  does  not  perform 
particularly  well  at  these  low  frequencies). 

4.  CONCLUDING  REMARKS 

A  new  technique  has  been  developed  to  investigate  the 
performance  of  an  HF  DF  system  as  a  function  of  frequency 
and  mode  structure  and  also  to  investigate  the  very  large 
bearing  errors  which  occur  at  high  latitude  sites.  The  system 
has  been  deployed  at  two  mid-latitude  sites  and  several  days 
of  data  collected  for  paths  to  Ottawa  and  to  Cheltenham. 
Examples  of  these  preliminary  measurements  have  been 
presented  and  several  interesting  features  observed  in  the  data 
identified.  Further  tests  have  been  conducted  at  Alert,  a  very 


high  latitude  site,  during  Apnl  1992.  However,  at  the  time  of 
writing,  these  additional  measurements  had  not  been  analysed 
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Figure  1 .  Block  diagram  of  the  sweeping  DF  experimental  configuration. 
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Figure  3.  Oblique  ionogram  and  associated  bearing  measurements  for  the  Oslo  ■  Cheltenham  path 
1 1 :00  UT,  9  January  1 992. 


Figure  4.  Oblique  ionogram  and  associated  bearing  measurements  for  the  Oslo  ■  Cheltenham  path. 
12:00  UT.  8  January  1992. 
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Figura  6.  Signal  strengths  determined  from  the  oblique  ionogram  measurements  tor  the  Oslo 
Cheltenham  path.  8  January  1992. 
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DISCUSSION 


L.  BERTEL 

Your  system  determines  only  one  azimuth  angle  -  so  it  is  necessary  to  be  careful  when  you  are  in  a  situation  of  multihops, 
multimodes  (o-x)  or  multipath:  the  azimuth  angle  calculated  will  vaty  with  the  doppler  shift  inteimode  as  the  elevation  angle  varies 
but  with  less  amplitude  (ref  paper  9). 

AUTHOR’S  REPLY 

That  is  true  when  trying  to  determine  the  bearings  associated  with  the  individual  modes.  Our  system  does,  however,  give  the 
bearings  produced  by  the  DF  at  each  frequency  with  the  prevalent  modes.  As  such,  it  does  give  us  an  assessment  of  DF 
performance  as  a  function  of  mode  content  and  frequency. 

G.  HAGN 

1.  Direction  finding  on  the  individual  modes  is  an  excellent  idea,  and  you  have  shown  some  very  promising  results.  The  MUSIC 
algorithm,  with  the  proper  antenna  (e.g.,  elements  with  a  common  phase  center  for  the  3  orthogonal  components  of  the  arriving  E 
and  H  fields),  and  a  dechirping  algorithm  could  be  used  to  obtain  simultaneously  the  azimuth  and  elevation  ang’es  of  the  modes 
which  are  resolved.  This  should  work  when  several  modes  are  present  simultaneously  -  until  the  number  of  degrees  of  freedom 
required  is  exceeded.  Getting  the  angles  of  arrival  of  the  several  modes  simultaneously,  would  seem  to  be  the  next  step  in  the 
evolution  of  what  you  have  presented. 

2.  I  believe  your  explanation  of  the  reason  for  seeing  the  "weaker"  high  ray  near  the  MOF,  namely  the  difference  in  elevation  plane 
patterns  between  your  monopole  and  the  Pusher  with  its  wire  ground  plane.  1  have  measured  the  elevation  plane  pattern  of  the  7.5 
foot  monopole  with  1C  ground  radials  40  feet  long  and  buried  7  inches,  and  the  results  agree  well  with  computations  made  with  the 
numerical  electromagnetics  code  (NEC-3)  -  see  IEEE  Trans  Broadcasting,  No.  34,  Vo!.  2,  pp.  221-229,  June  1988.  I  also  have 
made  similar  measurements  on  the  Pusher  (unpublished).  Due  to  the  extreme  gradient  of  gain  at  low  elevation  angles  for  the 
monopole,  it  is  important  (if  you  can)  to  use  a  Pusher  element  (with  a  receiving  multicoupler;.  Do  you  agree?  Could  your 
comment  on  the  groundplane  of  your  monopole? 

AUTHOR’S  REPLY 

1.  We  do  hope  to  be  able  to  develop  our  system  along  these  lines  in  the  future.  However,  at  present,  the  only  DF  available  to  us  is 
the  goniometric  DFG  system. 

2.  We  agree  entirely.  To  be  able  to  fully  compare  the  DF  and  ionogiam  traces  it  is  essential  that  a  Pusher  element  be  used  with  the 
sounder  receiver  since  this  wdl  have  the  same  vertical  elevation  angle  sensitivity  as  the  DF.  Unfortunately,  this  was  not  available  to 
us  during  the  January  test  A  Pusher  element  was  employed  during  our  main  experiment  at  Alert 

W.  SHERRILL 

In  an  FMCW  sounding,  each  mode  appears  in  a  different  frequency  bin  of  the  spectrum-analyzed  receiver  passband.  We  have  used 
conventional  interferometry  to  measure  the  azimuth  and  elevation  of  each  mode,  assigning  a  DF  process  to  each  frequency  bin 
(''ndependently)  which  contains  a  mode. 

Have  you  assigned  your  CDAA  DF  processes  to  individual  mode  frequencies? 


AUTHOR’S  REPLY 

No. 
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SUMMARY 

A  computer  based  model  of  an  automated  wide  apetture 
goniometric  HF  direction  finder  (.type  DF6)  has  been 
developed  to  investigate  the  system  performance  under 
various  simulated  signal  environments.  Several  test  runs  of 
the  model  indicated  that  the  original  DF6  algorithm  could  be 
modified  to  yield  a  significant  improvement  in  the  measured 
bearing  accuracy  and  in  addition  provide  a  meaningful 
indication  of  the  quality  of  the  measured  bearing. 

These  modifications  have  been  implemented  and  tested  at  two 
sites  in  Canada.  A  system  located  m  Ottawa  has  been  tasked 
against  known  transmissions  from  Halifax,  Nova  Scotia 
(9S0km)  and  several  hours  of  data  collected.  These 
measurements  confirmed  that  die  changes  implemented  as  a 
result  of  the  computer  modelling  produced  improved  bearing 
measurements.  Further  tests  were  conducted  at  Alert,  a  very 
high  latitude  site  in  the  Canadian  Arctic.  At  this  site,  the 
bearings  often  varied  rapidly  by  several  tens  of  degrees. 
These  latter  observations  indicated  that  further  changes  to  the 
DF  algorithm  should  be  made  for  systems  deployed  at  this 
high  latitude  site. 

1.  INTRODUCTION 

The  performance  of  HF  direction  finding  systems  is  difficult 
to  evaluate  solely  from  measurements  of  real  signals 
propagated  via  the  ionosphere  due  to  several  factors. 
Principally,  the  true  bearing  may  not  be  known  since  the 
signal  may  arrive  at  the  DF  over  off-great  circle  paths  due  to 
the  presence  of  ionospheric  tilts  and,  furthermore,  the  bearing 
may  not  remain  constant  due  to  changes  in  the  ionospheric 
tilts. 

To  overcome  these  difficulties,  a  computer  model  of  a  wide 
aperture  type  DF6  direction  finder  has  been  developed.  By 
means  of  the  model,  the  performance  of  the  DF  system  has 
been  assessed  under  well  defined  conditions  and  the  affect  of 
changes  to  the  bearing  calculation  algorithm  determined.  In 
addition  to  calculating  the  bearing,  parameters  of  the  received 
DF  waveform  can  provide  an  indication  of  the  besring  quality 
(likely  accuracy). 


Note:  In  this  paper  the  term  'bearing'  refers  to  a  measurement 
of  the  azimuthal  angle  of  arrival  of  the  target  signal. 
Ionospheric  effects  may  be  present  which  result  in  the 
measured  bearing  not  being  along  the  great  circle  path 
between  the  transmitter  and  receiver.  A  bearing  which  is 
referred  to  as  accurate  or  of  high  reliability  is  intended  to 
indicate  that  the  measurement  of  the  azimuthal  angle  of 
arrival  is  accurate  or  of  high  reliability.  No  consideration  of 
ionospheric  effects  leading  to  off  great  circle  angles  of  arrival 
and  hence  to  'ine  of  bearing  errors  has  been  made. 

2.  THE  DF6  SYSTEM 

The  DF  system  employed  in  this  investigation  is  a  wide 
aperture  goniometr.c  system  with  a  dual  band  antenna  array,  a 
single  receiver  and  a  computer  based  data  collection  and 
processing  system.  A  brief  description  of  the  principal 
components  and  the  method  of  operation  is  presented  below. 

The  antenna  array  (a  PUSHER)  consists  of  two  concentric  24 
element  circular  arrays  with  diameters  of  75  m  and  25  m.  The 
larger  of  the  two  arrays  (the  lowband  array)  operates  at 
frequencies  of  between  3  MHz  and  (usually)  10  MHz,  and  the 
smaller  of  the  arrays  (the  highband  array)  at  frequencies 
between  (usually)  10  MHz  and  30  MHz.  At  Ottawa  and 
Alert,  both  of  the  arrays  consist  of  single  element  vertical 
monopoles. 

RF  signals  from  the  sum  beam  output  of  the  PUSHER  antenna 
are  demodulated  in  the  system  receiver  and  combined  with 
goniometer  positional  information  for  initial  processing.  An 
average  beam  pattern,  known  as  a  composite  scan,  is  then 
formed  from  successive  rotations  of  the  goniometer.  Line 
bearings  are  then  computed  by  applying  software  algorithms 
to  the  digitised  composite  goniometer  sum  beam  patterns. 

In  the  original  algorithm,  16  composite  scans  arc  input  and  the 
following  procedure  adopted  to  calculate  the  bearing(s)  of  the 
incident  signal(s): 

1 .  For  each  composite  scan,  a  snap  bearing  is  determined 
as  the  point  of  best  symmetry  of  the  DF  waveform.  This  is 
found  by  folding  the  DF  waveform  at  the  peak  value  and 
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moving  the  fold  point  so  as  to  minimise  the  area  between  the 
original  and  folded  curves  (see  Figure  1).  If  a  minimum  does 
not  exist  within  ±12°  of  the  peak,  the  snap  is  flagged  as 
invalid. 

2.  In  order  to  separate  snap  bearings  obtained  from  signals 
arriving  from  different  azimuth  angles,  all  valid  snaps  are  then 
allocated  to  a  series  of  10°  wide  overlapping  bins  (see 
Figure  2).  Overlapping  bins  are  employed  in  this  procedure  to 
prevent  problems  arising  when  poults  are  attributed  around  a 
bm  boundary  causing  them  to  fall  into  adjacent  bins.  For  the 
situations  where  several  signals  are  present  the  system  relies 
on  the  presence  of  modulation  and  fading  to  ensure  that 
significant  numbers  of  snaps  are  determined  for  each  of  the 
constituent  signals. 

3  For  the  bin  containing  the  mo>t  snaps,  if  four  or  more,  a 
bearing  is  calculated  as  the  mean  of  the  points  within  that  bin. 
These  snaps  are  then  removed  from  that  bin,  and  also  from  the 
overlapping  bins  into  which  they  were  allocated. 

4.  A  quality  factor  is  then  calculated  as  20oJ/(n-l),  where 
o  is  the  standard  deviation  and  n  the  number  of  points  within 
the  bin.  If  the  calculated  value  exceeds  99,  then  the  quality 
factor  is  set  to  99.  High  values  are  int.nded  to  indicate 
bearings  of  poor  reliability,  and  low  values  bearings  of  high 
reliability.  In  this  context,  a  high  reliability  bearing  refers  to 
an  accurate  measurement  of  the  azimuthal  angle  of  arrival  of 
the  signal.  Ionospheric  effects  may  mean,  however,  that  this 
is  not  the  great  circle  direction. 

5  The  procedures  outlined  in  (3)  and  (4)  are  then  repeated 
until  no  bin  contains  four  or  more  points. 

Experimental  measurements  indicate  that  the  quality  factor 
calculated  by  this  method  is  not  meaningful.  An  evaluation  of 
this  parameter  for  the  8.697  MHz  transmission  from  Halifax, 
Nova  Scotia  received  at  Ottawa  is  presented  as  Figure  3.  In 
this  diagram,  each  bearing  returned  by  the  DF  is  shown  as  a 
point  on  a  scatter  plot  where  the  x  axis  is  the  measured 
bearing  and  the  y-axis  the  quality  factor.  Most  of  the  points 
for  this  example  have  quality  factors  less  than  10,  and 
measured  bearings  in  the  range  85“  -  93°.  Mo  indication  can 
be  obtained  from  the  quality  factor  as  tc  which  are  the  morr 
accurate  measurements. 

3.  COMPUTER  MODELLING 

By  means  of  the  computer  model,  the  performance  of  the  DF 
system  was  evaluated  for  a  range  of  realistic  signal 
environments.  The  model  allows  for  several  incident 
wavefronts  at  specified  directions  of  arrival  (in  elevation  as 
well  as  azimuth)  with  various  frequency  differences 
(analogous  to  Doppler  shifts  for  different  modes  of  the  same 
signal  or  differences  in  operating  frequency  for  interfering 
signals).  Each  of  the  components  can  be  allowed  to  fade,  the 
variations  in  amplitude  and  phase  being  generated  from  the 
model  given  by  Gething  [1J.  A  specified  level  of  random 
noise  can  also  be  added. 

The  model  produces  samples  of  the  receiver  output  (cither  the 
sum  or  difference  beam  pattern)  at  2“  intervals  in  the 
goniometer  rotation.  These  samples  then  form  the  input  to  a 
model  of  the  DF  system.  In  the  case  of  the  original  DF6 
algorithm,  averages  of  the  model  output  for  four  goniometer 


rotations  are  produced.  These  averaged  beam  patterns 
(composite  scans)  are  then  tnput  to  a  third  procedure  in  which 
the  algorithms  employed  by  the  DF6  are  applied  to  the  data. 

As  a  result  of  the  modelling  exercise,  the  following 
enhancements  were  made  to  the  algorithm  which  resulted  m  a 
better  performance  (of  the  modelled  system)  when  compared 
to  the  original  algorithm. 

3.1  Windowing 

To  calculate  a  beanng  from  the  goniometer  output  pattern,  the 
point  of  best  symmetry  of  the  pattern  is  obtained  by  the 
folding  process  described  in  section  2.  The  presence  of 
additional  peaks  or  distortions  in  the  goniometer  output 
pattern  due  to  the  presence  of  several  modes  of  propagation  or 
interfering  signals  can  severely  affect  the  azimuthal  angle  for 
which  the  best  point  of  symmetry  is  found.  Computer 
simulation  of  this  technique  indicates  that  better  (more 
accurate)  results  can  be  achieved  by  reducing  the  az'mulhal 
range  of  the  DF  waveform  included  in  the  folding  process  (see 
Figure  4).  The  optimum  azimuthal  range,  referred  to  as  the 
folding  window,  is  approximately  the  width  of  the  main  peak 
in  the  goniometer  output  pattern  for  the  case  when  a  single 
signal  is  present  Note  that  m  selecting  the  window  width,  a 
slightly  narrow  window  (ie.  narrower  lhan  the  mam  peak)  has 
a  much  worse  performance  than  one  slightly  wide.  For  this 
reason,  the  window  width  was  selected  to  be  1.1  times  the 
width  of  the  main  lobe  for  an  elevation  angle  of  20°. 

322  Asymmetry 

The  quality  of  the  folding  process  can  be  ascertained  from  the 
area  between  the  two  curves  defin  1  by  the  fold  (see  Figure  4) 
within  the  azimuthal  window  described  above.  For  perfect 
symmetry  this  area  would  be  zero.  Since  the  difference  in 
area  is  influenced  by  the  signal  amplitude,  normalisation  is 
achieved  by  dividing  thv  area  between  the  curves  by  the  total 
area  under  the  curve  within  the  folding  wmdow. 

Two  typical  modelled  situations  for  a  10  MHz  signal,  beanng 
180°  with  signal  to  noise  ratios  of  -10  dB  and  +10  dB  and  the 
presence  of  several  imerferers  is  presented  as  Figure  5.  In  this 
diagram,  snap  bearings  are  shown  as  points  on  a  scatter  plot  of 
asymmetry  vs  bearing.  From  this  diagram  it  is  apparent  that 
snaps  with  low  asymmetry  values  have  a  lower  azimuthal 
spread  than  those  points  at  higher  asymmetry  values.  The 
width  of  the  sheading  is  approximately  proportional  to  the 
width  of  the  main  lobe  of  the  DF  waveform. 

4.  OBSERVATIONS  AT  ALERT 

In  addition  to  the  computer  modelling  exercise  outlined 
above,  bearing  measurements  were  made  at  various  sites, 
including  Alt::,  located  in  the  northern  Arctic.  At  this 
northerly  site,  rapid  fluctuations  in  bearing  of  several  lens  of 
degrees  are  observed,  indicating  that  the  10°  bin  width 
employed  in  the  snap  editing  process  to  form  a  composite 
bearing  is  insufficient  at  this  site. 

5.  NEW  ALGORITHM 

The  computer  modelling  and  the  observations  from  Alert 
suggest  two  improvements  to  the  original  DF6  algorithm 
which  would  remit  in  an  improved  performance.  These  are 
outlined  below. 
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5.1  Determination  of  snap  bearings 

Snap  bearings  are  calculated  for  each  composite  scan  by  the 
folding  process  described  above  with  the  addition  of  the 
azimuthal  window  suggested  by  the  computer  based 
modelling.  The  width  of  this  window  is  selected  to  be  1.1 
times  the  width  of  the  main  peak  in  the  DF  waveform  as 
calculated  for  an  elevation  angle  of  20°.  This  increased 
window  width  allows  for  the  slight  broadening  of  the  peak  at 
higher  elevation  angles.  The  asymmetry  value  discussed  in 
section  3(c)  is  also  calculated  for  each  snap  bearing. 

S2  Calculation  of  bearings  and  quality  factor 
The  procedure  adopted  for  calculating  the  composite  bearings 
to  be  returned  by  the  system  is  similar  to  that  employed  in  the 
original  algorithm,  with  the  following  differences: 

1.  The  asymmetry  values  associated  with  each  snap 
bearing  are  used  to  allocate  weighting  factors  to  each  of  the 
snaps.  These  weights  are  approximately  equal  to  the 
reciprocal  of  the  square  of  the  expected  error  of  snaps  with  the 
specified  asymmetry  value  as  derived  from  the  computer 
modelling.  Since  the  spread  in  the  snap  bearing  distribution  is 
dependent  upon  the  width  of  the  main  lobe  in  the  DF 
waveform,  the  weights  assigned  are  dependent  upon  :he 
frequency  of  the  signal  and  account  is  taken  of  this  variation. 

2.  The  snaps  are  allocated  to  bins  as  in  the  original 
algorithm  and  the  same  procedure  followed  except  that  the 
returned  bearings  are  calculated  as  the  weighted  mean  of  the 
snaps  within  the  bia 

3.  The  quality  factor  is  calculated  as  1 000/VS .  where  S  is 
the  sum  of  the  snap  weights.  Since  the  weights  are  related  to 
the  expected  errors  of  snaps  with  that  weighting  factor,  the 
quality  factor  should  be  a  measure  of  the  likely  error 
associated  with  the  relumed  bearing.  This  quality  indicator  is 
normally  allowed  to  take  a  maximum  value  of  99. 

4.  Optionally,  the  quality  factor  may  be  returned  on  a 
logarithmic  scale  as  101og(1000/VS). 

5.  The  width  of  the  bins  employed  in  the  snap  editing 
process  can  be  changed  from  the  default  value  of  10°  to  allow 
for  the  large,  rapid  bearing  fluctuations  observed  at  Alert 

Illustrated  in  Figure  6  are  scatter  plots  of  composite  bearing 
and  logarithmic  quality  factor  for  the  data  of  Figure  5.  For  the 
case  of  a  low  signal  to  noise  ratio  (-10  dB),  moderately  spread 
bearings  are  calculated  with  quality  factors  between  20  and 
30.  indicative  of  poor  quality  measurements.  For  the  higher 
signal  to  noise  ratio  case  (+10  dB),  some  of  the  bearings  are 
much  less  spread  and  these  have  been  allocated  lower  quality 
factors  indicative  of  good  quality  measurements. 

6.  EXPERIMENTAL  MEASUREMENTS 

In  order  to  test  the  new  algorithm,  several  hours  of  data  were 
collected  at  twe  sites  in  Canada.  The  first,  Ottawa,  is  a  mid¬ 
latitude  site  and  the  second.  Alert,  is  located  at  a  very  high 
latitude  (82.5°  N)  in  the  North  West  Territories. 

6.1  Ottawa 

At  this  site,  measurements  were  made  of  the  CFH  CW  Morse 
code  traismissions  from  Halifax,  Nova  Scotia  (bearing  90.2°, 


range  960  km)  on  frequencies  of  6.430  MHz  and  8.697  MHz. 
Examples  of  these  measurements  are  now  presented. 

6.1.1  Windowing 

The  affect  of  applying  a  window  in  the  folding  process  for  the 
determination  of  snap  bearings  is  illustrated  in  Figure  7(a)  and 
(b)  In  this  diagram,  the  time  variation  of  snaps  bearings  is 
presented  over  two  30  second  periods  for  window  widths  of 
360°  (no  window)  and  60°.  The  variation  in  the  snap  bearings 
with  time  is  much  less  when  the  folding  window  is  applied 
than  for  the  case  when  all  of  the  goniometer  output  is 
included.  Note,  however,  that  the  true  bearing  may  not  be 
constant  due  to  ionospheric  effects. 

Figure  8  is  a  scatter  plot  of  snap  bearing  vs  asymmetry  with  a 
60°  folding  window  applied  for  the  CFH  transmission  for  the 
30  second  period  commencing  at  22  29  UT.  The  scatter  of  the 
data  points  agrees  moderately  well  with  that  expected  from 
the  computer  modelling.  At  other  tunes  the  agreement  is  not 
always  good.  In  general,  however,  it  would  appear  that 
improved  bearings  are  obtained  by  applying  the  azimuthal 
window  in  the  folding  process,  and  by  giving  more  weight  to 
snaps  with  low  asymmetry  values. 

6.1 2  Composite  bearings 

Figure  9  represents  a  scatter  plot  of  bearings  and  associated 
quality  factors  obtained  with  the  new  algorithm  for  the 
8.697  MHz  CFH  transmission.  The  bearings  are  spread  over  a 
range  of  approximately  8°  with  quality  factors  in  excess  of  30, 
indicative  of  poor  quality  bearings.  The  peak  of  the  bearing 
distribution  occurs  at  87  5*.  approximately  2.7°  less  than  the 
great  circle  bearing  to  this  transmitter.  These  data  correspond 
to  those  presented  in  Figure  3  for  the  original  algorithm.  The 
distribution  of  bearings  obtained  from  the  original  algorithm 
is  spread  over  some  10°,  with  an  ill  defined  peak  at  around 
86.5°. 

62  Alert 

Tests  of  the  new  algorithm  have  also  been  undertaken  at 
Alert,  located  high  in  the  Canadian  Arctic.  At  this  site,  rapid 
fluctuations  in  bearing  of  several  tens  of  degrees  are  observed 
due  to  propagation  effects.  In  this  case  more  accurate 
composite  bearings  are  determined  by  not  weighting  the  snap 
bearing  measurements  in  the  editing  process. 

7.  CONCLUDING  REMARKS 

Two  modifications  to  the  DF6  algorithm  have  been  suggested 
as  the  result  of  computer  simulations.  The  first  of  these,  the 
introduction  of  an  azimuthal  window  into  the  folding  process 
to  determine  snap  bearings,  resulted  in  less  random 
fluctuations  of  the  measured  bearings  and  consequently  lead 
to  improvements  in  the  composite  bearings.  The  second 
modification,  the  use  of  the  beam  asymmetry  as  an  indication 
of  snap  bearing  quality,  resulted  in  the  generation  of  a 
meaningful  indication  of  the  overall  beanng  quality.  It  should 
however  be  noted  that  this  latter  parameter  requires  the 
antenna  /  goniometer  system  to  generate  a  perfect  beam 
pattern  when  illuminated  by  a  planar  wavefield  otherwise  the 
distortions  introduced  by  the  system  adversely  affect  the 
quality  factor. 
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Figure  1.  Illustration  of  th«  folding  procass  employed  to  datarmina  tha  snap  baaring  as  tha  point  of 
bast  symmetry.  Tha  fold  point  is  moved  such  that  tha  area  between  tha  original  and  folded  curve  is 
minimised. 
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Figura  2.  Allocation  of  tha  snap  bearings  to  overlapping  bins.  The  use  of  overlapping  bins  prevents 
problems  arising  when  tha  true  bearing  is  near  to  a  bin  boundary  causing  snaps  to  fall  into  adjacent 
bins. 
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Figure  3.  Scatter  plot  of  bearings  and  associated  quality  factors  obtained  using  the  original  DF6 
algorithm  for  the  8.697  MHz  CFH  transmission  from  Halifax,  Nova  Scotia  (true  bearing  90.2°) 


Figure  4.  Illustration  of  the  azimuthal  window  introduced  into  the  folding  process.  In  this  case,  only 
those  parts  of  the  original  and  folded  curves  within  the  azimuthal  window  are  taken  into  account  when 
determining  the  snap  bearing. 
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Figure  S.  Modelled  situation  tor  a  10  MHz  signal  using  the  high  band  antenna  with  a  48°  folding 
window  applied.  The  signal  has  a  bearing  of  180°  together  with  interfering  signals  of  lower  amplitude 
well  separated  in  azimuth.  The  upper  frame  is  for  a  signal  to  noise  ratio  of  -10  dB  and  the  lower  frame 
for  a  signal  to  noise  ratio  of  >10  dB 
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Figure  6.  Scatter  plots  of  the  quality  factor  (logarithmic  version)  vs  composite  bearing  for  the  data 
show  in  Figure  5.  8  seconds  integration  time  employed.  The  upper  frame  is  for  a  signal  to  noise  ratio 
of  -10  dB  and  the  lower  frame  for  a  signal  to  noise  ratio  of  +10  dB 
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Figure  7.  Plots  of  snap  bearing  vs  time  for  two  30  second  periods  for  the  8.697  MHz  CFH 
transmission.  No  windowing  has  been  applied  in  the  snap  boaring  determinations  indicated  by  the 
dashed  lines,  wheras  a  60*  window  has  been  applied  for  the  bearings  indicated  by  the  solid  lines. 
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Figure  8.  Plot  of  snap  asymmetry  vs  bearing  for  the  8.697  MHz  CFH  transmission.  Data  are  for  the  30 
second  period  starting  at  2229  UT.  21  March  1 989 
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Figure  9  Scatter  plot  of  bearings  and  associated  quality  factors  obtained  using  the  new  algorithm  for 
the  8.697  MHz  CFH  transmission.  These  data  correspond  to  the  data  presented  in  Figure  3  for  the 
original  DF6  algorithm. 
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DISCUSSION 


J.  BENGER 

How  did  you  define  signal-to-noise  ratio  and  how  did  you  measure  it?  In  similar  trials  in  Germany,  we  had  problems  in  measuring 
S/N  because  of  its  variability. 

AUTHOR’S  REPLY 

Signal  to  noise  ratio  was  not  measured  during  the  system  trials,  but  was  one  of  the  parameters  used  by  our  computer  model.  A 
random  vector  was  added  to  the  signal  vectors  in  the  model  and  its  average  power  was  determined  by  the  specified  SNR. 
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ANGLE  OF  ARRIVAL  CHARACTERISTICS  OF  IONOSPHERIC  SKYWAVE  SIGNALS 

D.  Mark  Haines 
Bodo  W.  Rcinisch 
University  of  Massachusetts  Lowell 
Center  for  Atmospheric  Research 
450  Aiken  Street 
Lowell,  MA  01854 
U.S.A. 


SUMMARY 

Skywave  signals  in  the  HF  band  experience  a  plethora  of 
effects  which  distort  them  in  the  time,  space  and  spectral 
domains.  The  ability  of  a  particular  measurement  to  resolve 
discrete  components  which  faithfully  represent  a  single 
signal  source  (i.e.  useful  for  angle-of-amval  estimation)  is  a 
somewhat  random  occurrence  given  any  one  fixed 
integration  time.  However,  the  fact  that  the  signal 
r,..nponems  can  be  resolved  in  the  spectral  domain  by  our 
Doppler  technique  much  of  the  time  seems  to  indicate  that 
there  are  indeed  a  finite  number  of  discrete  components  in 
any  skywave  signal  and  that  the  Doppler  shift  for  each 
component  varies  independently  such  that  they  may  be 
resolvable  in  the  spectral  domain. 

imKQDUcnQM 

Observation  of  the  ionosphere  with  ground  based  sensors 
relies  on  the  accurate  measurement  of  observable  features  of 
an  electromagnetic  wave  transmitted  through  the  ionospheric 
medium.  These  observables  are: 

1.  frequency 

2 .  height  or  range  (i.e.  time  delay) 

3.  amplitude 

4.  phase 

5.  Doppler  shift  or  spread  (frequency  dispersion) 

6.  wave  polarization  (left  or  right  hand  circular) 

7.  angle  of  arrival 

Given  the  ability  to  measure  all  of  these  parameters  one  can 
describe  the  vertical  electron  density  profile,  rhe  existence 
direction  and  velocity  of  wave  structures  (like  the  traveling 
ionospheric  disturbances  associated  with  acoustic  gravity 
waves)  / 1/  and  plasma  irregularities  carried  by  ionospheric 
drifts  and  polar  cap  convections  /2,3,4/.  The  accurate 
measurement  of  all  of  the  above  parameters,  except 
frequency,  depends  heavily  on  the  signal  to  noise  ratio  of  the 
received  signal.  Therefore  vertical  incidence  ionospheric 
sounders  capable  of  acquiring  high  quality  scientific  data 
have  historically  utilized  powerful  pulse  transmitters  in  the  2 
to  30kWatt  range. 

The  necessity  for  extremely  good  signal  to  noise  ratio  is 
demanded  by  the  sensilivitv  of  the  measurements  to 
variations  in  the  signal  level.  For  instance,  to  measure  phase 
to  1  degree  accuracy  requires  a  signal  to  noise  ratio  better 
than  40dB  (assuming  a  Gaussian  noise  distribution  which  is 
actually  a  best  case),  and  measurement  of  amplitude  to  10% 
accuracy  requires  over  20dB  signal  to  noise  ratio.  Of 
course,  we  also  would  like  these  measurements  to  be 
immune  to  degradation  from  noise  and  interference  and  to 
maintain  their  high  quality  over  a  large  frequency  band 
which  requires  that  at  the  lower  end  of  the  HF  band  we  have 
to  overcome  absorption,  noise  and  interference  and  still 
provide  at  least  a  20  to  40  dB  signal  to  noise  ratio. 
Therefore  the  goal  of  making  an  inexpensive  low-power 
portable  sounder  would  at  first  seem  unattainable. 


TSF.UGR TPTION  OF  THE  DTGISONDE  PORTABLE 

.SOUNDER 

Physical 

The  Digisonde  Portable  Sounder  (DPS)  is  for  the  roost  part  a 
miniaturized  implementation  of  the  well  proven  measurement 
techniques  used  by  the  Digisonde  256  sounder  /5,6/ 
produced  for  the  past  10  years  by  the  University  of  Lowell 
Center  for  Atmospheric  Research  (ULCAR)  (now  through 
change  of  name  only,  the  University  of  Massachusetts 
Lowell)  Center  for  Atmospheric  Research.  The  addition  of 
digital  pulse  compression  makes  the  use  of  low  power 
feasible  and  the  high  level  language  control  software  and 
standard  PC- DOS  (i.e.  IBM/PC)  data  file  formats  provide  a 
new  level  of  flexibility. 

Figure  1  shows  the  DPS  system.  The  upper  chassis 
contains  the  system  computer,  signal  generation,  reception 
and  processing  hardware  and  over  200  Mbytes  of  data 
storage  capacity,  the  lower  unit  contains  a  500  Watt  solid 
state  amplifier.  The  two  19"  rack  mountable  chassis  are 
installed  in  a  lightweight  fiberglass  transport  case  which 
includes  a  shock  mounted  19"  rack.  The  components  in  the 
fiberglass  case  are,  by  themselves  (with  the  addition  of  a  24 
volt  battery  and  antennas)  capable  of  making  and  storing 
preprogrammed  automatic  measurements.  The  peripherals 
(keyboard,  monitor,  printers  and  modem)  are  only  required 
for  human  interface. 

Signal  Processing 

The  DPS  is  able  to  be  miniaturized  by  lengthening  the 
transmitted  pulse  of  a  small  low  voltage  solid  state 
transmitter  we  can  transmit  an  amount  of  energy  equal  so 
that  we  transmit  by  a  high  power  pulse  transmitter  without 
having  to  provide  components  to  handle  the  very  high 
voltages  required  for  10's  of  kilowatt  power  levels.  The 
time  resolution  of  the  short  pulse  is  provided  by  intrapulse 
phase  modulation  using  one  of  three  programmable  phase 
codes.  The  use  of  a  Complementary  code  /7,8/  pulse 
compression  technique  is  described  in  our  previous  paper 
/13/,  which  shows  that  the  expected  measurement  quality  is 
the  same  as  a  conventional  sounder  of  lMWatt  peak  pulse 
power. 

Multiplexing 

The  Digisonde  Portable  Sounder  allows  multiplexed  Doppler 
integration  of  up  to  64  separate  combinations  of  frequencies, 
antennas  (the  system  includes  4  phase  matched  antennas 
switched  into  1  receiver,  while  the  newer  DPS-4  contains  4 
receivers  to  allow  "true"  simultaneous  reception  on  the  4 
antennas),  and  polarizations  (i.e.  Ordinary  or  Extraordinary 
circular  polarization).  This  multiplexing  is  implemented  by 
switching  hardware  parameters  between  pulses,  and  is 
useful  for  making  high  Doppler  resolution  ionograms, 
making  precision  group  height  measurements  and  accurately 
determining  O  or  X  polarization  as  described  in  /13/.  The 
angle  of  arrival  measurement  of  the  DPS-1  (the  system 
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which  produced  all  the  data  presented  here)  is  made  possible 
because  the  multiplexing  allows  the  signals  on  the  four 
antennas  to  be  integrated  simultaneously,  therefore  providing 
phase  differences  in  accordance  with  the  received  signal's 
angle  of  arrival.  This  essentially  simultaneous  (actually 
interlaced  or  multiplexed)  reception  is  accomplished  by 
synchronizing  the  computer's  control,  data  acquisition  and 
signal  processing  software  functions  to  the  transmitted 
waveform  through  a  hardware  interrupt.  Two  systems 
working  in  a  bistatic  mode  can  be  synchronized  by  locking 
that  hardware  interrupt  to  the  1  PPS  (pulse/sec)  signal  from  a 
GPS  satellite  receiver  mounted  in  the  DPS  svstem.  At  the 
end  of  a  multiplexed  Doppler  integra'  w  the  system  will 
contain  an  entire  Doppler  spectrum  tor  each  receiving 
antenna,  each  frequency  and  each  polarization  measured,  at 
each  resolvable  range.  For  instance  a  40  second  coherent 
integration  could  contain  up  to  8192  128-pt  Doppler  spectra 
any  or  all  of  which  may  be  stored  on  a  !50MByte  tape 
cartridge.  If  mulnple  sources  exist  at  the  same  range  (height 
for  vertical  measurements)  they  are  usually  resolved  in  the 
Doppler  spectrum  computed  for  that  height  Since  the  four 
antenna  signals  were  integrated  simultaneously,  the  phase  of 
each  of  these  complex  Doppler  lines  will  now  yield  the  true 
angle  of  arrival  by  simple  interferometry  (triangulation) 
techniques.  The  fourth  antenna  provides  a  consistency 
check  to  detect  any  Doppler  lines  which  still  contain  multiple 
signal  sources. 

Automatic  Sequencing 

Table  1  shows  the  DPS  measurement  menu.  In  our  previous 
paper  /13/,  the  function  of  each  item  in  the  menu  is 
explained,  but  a  summary  of  its  use  follows.  Parameters  1, 
2  and  3  specify  the  frequency  range  step  size  over  which  the 
range  and  step  size  measurement  is  made.  The  next  4 
parameters  set  up  the  mulnplexing  of  frequencies,  transmitter 
phase  codes,  antennas  and  polarization.  T7ie  next  3 
parameters  detctmine  the  pulse  repetition  rate,  number  of 
pulses  to  be  integrated  and  sample  spacing  (in  km).  The  last 
5  parameters  determine  the  format  in  which  data  will  be 
output  to  hard  disk,  150MByte  tape  cartridges  or  printers. 
Since  there  are  up  to  8192  Doppler  spectra  to  store  and 
typically  less  than  1%  of  this  is  useful  data,  much  of  the 
science  in  making  various  measurements  is  affected  by  this 
choice  of  data  format.  The  trade-off  depends  on  the  physical 
phenomena  being  studied  and  on  the  allowable  frequency  of 
changing  Ihe  data  recording  media,  but  recording  all  data  IS 
one  option. 


Table  1.  Program  Editing  Screen 


(L)  Lower  Freq  (kHz)  2000 

(H) 

Height  Res  (km)  5 

(C)  Coarse  Step  100 

(M)  #  of  Hgts  128 

(U)  Upper  Freq  (kHz)  12000 

(D) 

Delay  (l=50pS)0 

(F)  Fine  Freq  Step  (kHz)  5 

(G) 

Gain  (0  to  15)9 

(S)  #  Small  Steps  2 

(D 

Freq  Search  (0,1)  1 

(X)  Xmtr  Waveform  1 

(O) 

#  Output  Hts  8 

(A)  Antennas  (0=Beam)  0 

(PI)  Disk  (0,A,M,DE,P)  A 

(N)  FFT  Size  (Power  of  2)  5 

(P2)  Printer  (BW,  Color)  0 

(R)  Rate  (PPS)  200 

(B) 

Bottom  Ht  210 

(E)  First  Height  (km)  90 

m 

Top  Ht  500 

EXPEtUMENTALJMTA  SHQMNG  AOA 

CHARACTERISTICS  OF  SKYWAVE  SIGNALS 


There  are  many  propagation  phenomena  involved  in 
ionospheric  skywave  propagation  which  result  in  the 
appearance  of  several  sources  at  the  receiver  from  a  single 
transmitter  location.  For  instance,  for  oblique  propagauon 
characterized  by  a  parabolic  electron  density  profile  there  is 
the  splitting  into  two  rays,  a  high  angle  and  a  low  angle  ray 
HO/.  Then  there  are  multihop  paths,  0  and  X  polarization 
modes,  and  ionospheric  roughness  (irregularity  structures) 
which  provide  multiple  propagation  paths  between 
transmitter  and  receiver. 


Application  of  interferometry  principles  to  signals  received 
on  three  or  more  physically  separated  antennas  can 
accurately  determine  the  signal’s  angle  of  arrival,  IF  AND 
ONLY  IF  only  one  source  (i.e.  one  direction  of  arrival)  is 
involved  in  creating  the  received  signal  whose  phase  is 
measured.  Unfortunately  the  mechanisms  which  create 
multiple  source  locations  in  the  skywave  signal  result  in 
multiple  superposed  signals  at  the  receiver.  The  phase  of 
such  a  signal  is  the  geometric  vector  sum  of  all  of  the 
separate  source  components  and  is  not  characteristic  of  any 
one  direction  of  arrival.  If  a  means  of  separanng  these  signal 
components  (e.g.  resolution  in  range  or  Doppler)  can  be 
implemented,  such  that  only  one  source  exists  in  a  given 
range/Doppler  cell  then  the  phase  of  that  component  on  each 
of  several  (or  at  least  three)  antennas  can  be  used  to 
determine  its  angle  of  arrival. 

Angle  of  Arrival  Spreading  for  Venical/Near  Ventral 
Incidence 

ULCAR's  Digisonde  sounders  (the  DPS  and  previous 
Digisonde  versions)  use  a  processing  program  we  call 
ODDA  (Online  Digisonde  Drift  Analysis)  to  compute  and 
display  these  angles  of  arrival  along  with  the  3-dimensional 
position  and  velocity  (speed  and  direction  of  motion)  of 
plasma  features  creating  the  echoes.  The  DPS  can 
simultaneously  measure  up  to  16  frequencies  using  each  of 
the  four  receive  antennas  while  recording  echoes  from  128 
heights  (with  5km  height  sample  spacing  this  covers  6401cm 
of  range). 

Figure  2  shows  the  screen  display  for  a  four  frequency 
measurement.  The  first  four  vertical  height  profiles  show 
echoes  for  the  four  different  frequencies  coming  from  330, 
335,  340,  and  345km  (referenced  to  the  axis  in  km  on  the 
left  side.  The  next  four  vertical  strips  show  the  contents  of 
the  128-point  Doppler  spectrum  at  the  height  of  maximum 
echo  amplitude  (referenced  to  the  axis  in  Hz  on  the  right 
side),  which  in  this  case  is  the  only  echo  height  (270, 225. 
280  and  285km).  This  20  second  integration  can  be  repeated 
an  indefinite  number  of  times  to  allow  observations  as  a 
function  of  time;  8  repetitions  are  shown  in  this  example. 
The  entire  Doppler  spectrum  at  each  of  the  echo  heights  is 
stored  as  input  for  the  ODDA  program. 

fhe  ODDA  program  /12/.  after  screening  the  data  with 
several  quality  and  consistency  checks,  uses  the  4  recorded 
phases  (one  for  each  antenna)  at  each  of  the  Doppler  lines  to 
compute  a  2-Dimensional  angle-of-anival  map  (a  "skymap") 
for  each  height  recorded.  Doppler  integration  times  of  10  to 
40  seconds  are  usually  sufficient  to  ensure  that  each  Doppler 
line  contains  only  a  single  source  component,  but  a 
consistency  check  using  the  fourth  antenna  can  detect  and 
exclude  points  resulting  from  a  non-planar  wavefront.  Echo 
locations  can  be  accumulated  on  the  plot  for  a  selectable 
period  of  time,  but  too  long  a  time  may  obscure  some  of  the 
short  term  phenomena  being  observed  as  happens  in  Figure 
3  taken  in  March  1992  by  the  DPS  system  in  Jicamarca, 
Peru  (at  the  magnetic  equator).  The  top  frame  shows  a  5- 
minute  collection  of  echoes  from  4  heights  and  4  frequencies 
all  plotted  together.  While  the  6  frames  below  it  show  the 
skymap  from  the  maximum  amplitude  echo  height  after  each 
coherent  integration  (20  seconds).  The  east-west  separation 
of  echo  locations  with  positive  Doppler  in  the  west  and 
negative  Doppler  i-i  the  east  suggests  eastward  propagation 
of  north-south  aligned  corrugations.  This  motion  conunues 
for  several  hours.  The  north-south  alignment  of  the 
structure  suggests  that  we  are  seeing  field-aligned 
irregularities  which  are  experiencing  a  unifoim  electric  field 
driven  (vertical  E)  drift. 

Angle  of  Arrival  Spreading  for  Oblique 
Incidence 

The  IONMOD  project  /14/,  an  experiment  to  detect  heating 
effects  caused  by  oblique  transmission  of  high  powered  HF 
radio  signals  provided  an  opportunity  for  us  to  apply 
Doppler  resolution  to  the  task  of  separating  skywave 
components.  A  '  probe''  circuit,  a  500  Watt  transmitter 
separated  by  2200km  from  a  system  of  multiple  coherent 
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receiver,  was  established  in  the  southwestern  U.S.  If 
operated  at  a  frequency  close  to  the  heater  frequency  the 
skywave  signal  would  penetrate  the  same  volume  of  the  E 
and  F-layers  that  would  he  modified  by  the  powerful  heater 
signal.  Integration  periods  from  5  to  30  seconds  were  used 
and  it  was  found  that  the  elevation  angles  of  arrival  of 
discrete  components  of  nearly  equal  strength  can  be 
determined  accurately  if  the  components  are  resolved  in  the 
frequency  domain  by  the  Doppler  processing.  However, 
when  the  two  components  fall  in  the  same  Doppler  bin  the 
computed  angle  of  arrival  is  ambiguous. 

Figure  4  illustrates  the  sensitivity  of  the  angle  of  arrival 
measurement  to  the  effectiveness  of  the  Doppler  resolution 
technique.  The  left  side  of  the  figure  is  a  "waterfall"  display 
of  the  middle  400  lines  of  a  4096  line  Doppler  spectrum 
showing  the  carrier  of  the  received  signal.  The  Doppler 
range  is  -6Hz  to  +6Hz,  and  the  elapsed  time  between  these 
spectra  is  15  seconds.  The  color  of  the  Doppler  bins 
represents  the  amplitude  of  the  signal  ir.  4dB  steps  and  a 
threshold  selected  by  the  analyst  is  applied  to  eliminate  the 
noise  floor.  If  the  amplitude  of  a  Doppler  component 
exceeds  this  threshold  then  its  phase  on  the  three  receivers  is 
used  to  compute  its  angle  of  arrival.  The  angle  of  arrival  is 
then  plotted  on  the  right  side  of  the  display  in  a  color  which 
identifies  which  part  of  the  Doppler  spectrum  it  came  from 
(ideally  we  would  have  400  colors  to  uniquely  identify  each 
Doppler  line  in  the  spectrum).  The  most  prevalent  feature 
observed  on  this  magnetically  west-to-east  path  (and  the  one 
shown  in  Figure  4)  was  the  splitting  into  high  and  low  rays 
which  would  at  times  provide  as  much  as  a  few  hertz  of 
separation  in  their  Doppler  shift.  Over  the  15  minute  period 
represented  in  Figure  4  the  spectra  show  the  high  ray 
alternately  merging  and  then  separating  from  the  low  ray 
such  that  the  plot  on  the  nght  shows  a  precise  determination 
of  angle  of  arrival  only  when  the  two  modes  are  separated  in 
frequency  by  more  that  about  0.1Hz. 

There  were  two  major  weaknesses  to  this  CW  measurement 
technique  which  predate  the  existence  of  the  bistatic  oblique 
propagation  mode  of  the  DPS  system: 

1 .  With  no  range  resolution,  the  high  and  low  rays  were 
often  overlaying  each  other  when  they  could  have 
easily  been  resolved  with  a  modest  bandwidth  pulsed, 
chirped  or  phase  coded  signal. 

2.  The  amplitude  fading  due  to  Faraday  rotation,  effects 
was  so  deep  and  often  so  fast  that  the  Doppler  spectra 
showed  a  typical  amplitude  modulation  spectrum,  even 
though  the  transmission  was  an  unmodulated  CW 
carrier.  A  spread  spectrum  signal  would  not 
experience  such  deep  nulls. 

CONCLUSIONS 

Resolution  of  source  components  by  range  resolution  and 
spectral  analysis  combined  with  interferometer  principles  is  a 
powerful  technique  in  determining  the  angle  of  arrival  of 
superimposed  mulnpath  signals. 
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Figure  1  The  Digisondc  Portable  Sounder  (DPS )  with  Display  Peripherals  and  One  of  its  Four  Receive  Antennas 
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Figure  2.  DPS  Frequency  Multiplexed  Doppler  Display  Showing  Four  Virtual  Height  Profiles  Followed  by  the  Associated  Four 
Doppler  Spectra. 
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Figure  3.  Vettical  Incidence  Slcytnap  Duplay  Locating  EdioSowces  Received  Over  a  20  Second  Integration. 
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Figure  4.  OUkpie  Signal  Angfeof-Anival  After  Doppler  Dotnain  Resolution  2200km  Range. 
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DISCUSSION 


M.  PITTEWAY 

You  measure  phase  as  a  function  of  frequency  in  order  to  get  an  accurate  group  range,  so  why  not  measure  phase  as  a  function  of 
time  in  order  to  get  accurate  Doppler  information,  rather  than  your  128  point  FFT  to  get  a  Doppler  spectrum?  (Having  heard  your 
verbal  answer,  to  use  spectrum  to  resolve  signals  with  differing  Doppler  shifts,  my  (written  only)  supplementary  question  is:  surely, 
group  range,  too,  should  be  invalid  to  separate  different  effects;  also  polarization  (implicit  in  your  crossed  dipole  switching,  but  what 
about  linear  polarization  at  the  equator?)  and  differing  angles  of  arrival? 

AUTHOR’S  REPLY 

Getting  back  to  the  basic  quesnon;  we  should  consider  that  the  FFT  process  begins  by  sampling  phase  (actually  complex  amplitudes) 
vs.  tune.  Then  rather  than  trying  to  measure  the  phase  of  the  time  domain  samples  we  perform  a  complex  FFT  which  not  only 
separates  multiple  signal  components  but  provides  21  dB  of  signal  processing  gain  (improved  SNR)  making  the  computed  phase  of  a 
complex  Doppler  line  significantly  more  accurate  than  the  original  complex  amplitude  would  have  been. 

Now  for  the  second  part.  The  strength  of  our  technique  is  that  all  these  discriminating  features  (group  delay,  polarization,  spatially 
separated  antennas  and  Doppler  shifts)  are  exploited  to  ensure  that  any  complex  amplitude  represents  only  one  sky  wave  component 
(i.e.,  angle  of  arrival).  Perhaps  you  didn't  understand  that  we  build  up  independent  time  domain  records  for  each  polarization,  each 
antenna,  and  each  frequency  (when  frequency  multiplexing  is  selected).  Then  a  separate  FFT  on  each  record  results  in  a  unique 
Doppler  spectrum  for  each  range,  polarization,  antenna,  and  frequency;  as  many  as  8192  Doppler  spectra  (1  million  complex 
Doppler  lines)  may  be  computed  at  the  end  of  one  40  second  coherent  integration.  Such  a  computation  requires  about  IS  seconds. 
So  the  input  samples  for  a  DPS  Doppler  spectmm  have  already  been  separated  by  range,  polarization,  frequency  and  antenna  before 
the  FFT  is  performed. 

Yes.  we  used  both  linear  and  circular  polarization  at  Jicamarca,  Peru  (13*  North  magnetic  latitude)  and  found  that  switching 
between  North-South  and  East-West  magnetic  dipole  elements  (linear  polarization)  discriminated  the  0  and  X  waves  significantly 
better  than  did  the  circular  polarizations. 

C.  GOUTELARD 
Commentaire: 

Vous  dites  ne  pas  pouvoir  sdparer  les  modes  ordinaires  et  extraordinaires  avec  une  analyse  de  Fourier.  Le  rapport  signaiybruit  que 
vous  obtenez  aprbs  trailement  vous  permettrai!  d’utiliser  des  m6 diodes  haute  rf solution  idles  que  MUSIC.  Nous  appliquons  cette 
mlthode  et  nous  mettons  clairement  en  Evidence  les  modes  ordinaires  cl  extraordinaires. 

Question; 

Quelles  sont  les  dimensions  minimales  des  urdgulant6s  que  vous  pouvez  observer  et  avez-vous  tcntl  d’en  constnnre  des  modules? 
Comment: 

You  say  that  you  cannot  separate  the  ordinary  modes  from  the  extraordinary  modes  using  a  Fourier  analysis.  With  the  signal  to 
noise  ratios  you  obtain  after  pi  icessing  you  could  use  high  resolution  methods  such  as  MUSIC.  We  apply  this  method  and  are  able 
to  clearly  distinguish  ordinary  from  extraordinary  modes. 

Question: 

What  are  the  minimum  sites  of  the  irregularities  which  you  are  able  to  observe  and  have  you  attempted  to  construct  models? 

AUTHOR’S  REPLY 

After  a  20  second  integration  of  4  frequencies.  4  antennas  and  2  polarizations  at  each  of  236  sampled  heights  (range  bins)  we  have 
8192  FFTs  to  perform  before  the  next  measurement  can  be  made.  A  10  MIP  16-bit  fixed  point  signal  processor  can  accomplish  this 
in  about  3  seconds,  while  a  MUSIC  implementation  would  require  a  floating  point  processor  and  would  take  much  longer  to  analyze 
the  8192  spectral  points.  The  data  shown  was  a  received  CW  transmission  (no  range  resolution).  If  the  experiment  is  done  again 
using  (he  DPS  system  which  provides  10  km  range  resolution,  the  o  and  x  components  would  be  resolved  most  of  the  time.  The 
skymap  resolution,  or  accuracy  is  about  1*  which  translates  to  3  km  of  F-region  heights.  We  find  a  continuum  of  scatterer  sources 
over  these  distance  but  it  is  uncertain  whether  this  spreading  is  apparent,  due  to  imperfect  signal-to-noise  ratio,  or  is  a  real 
geophysical  phenomenon.  Structures  separated  by  tens  of  kilometers  are  easily  seen  and  the  polar  convection  plasma  patches  are 
typically  separated  by  hundreds  of  kilometers  as  they  pass  overhead. 

G.  HAGN 

Autoscaling  is  still  somewhat  of  an  art  so  ARTIST  is  an  appropriate  acronym.  You  showed  a  beautiful  example  of  a  mid-latitude 
ionogram  which  was  autoscaled.  You  also  showed  a  rather  complicated  ionogram  from  a  high  latitude  (with  3  different  electron 
densities),  and  it  seemed  that  the  autoscaler  had  difficulty  with  this  ionogram.  Can  you  comment  on  this  and  on  the  state-of-the-art 
of  autoscaling? 

AUTHOR’S  REPLY 

This  ionogram  had  at  least  three  different  F-layer  traces  due  to  plasma  patches  overhead  which  had  different  electron  density 
profiles.  The  automatically  scaled  F-layer  trace  jumped  off  the  correct  tr«.  e  and  continued  on  one  of  the  obliquely  received  traces. 
This  highlighted  the  need  to  distinguish  between  overhead  (c.g.  ±  22-  zenith  angle)  echoes  and  oblique  which  we  are  now  adding 
to  the  software  using  a  simple  digital  beamforming  algorithm.  The  older  Digisonde  236  successfully  used  analog  beamforming  to 
accomplish  this  discrimination,  and  the  ARTIST  uses  this  information. 


23-1 
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RESUME 

On  decrit  la  methode  de  radiogoniometrie  a  station 
unique  mise  en  oeuvre  a  partir  du  sondeur  a 
retrodiflusion  de  File  Losquet.  Des  resultats 
experimentaux  de  determination  de  Fazimut  et  de 
l'elevation  d'ondes  ayant  transitees  par 
l'ionosphere,  obtenus  a  partir  d'emetteurs  bien 
localises,  sont  presentes.  Lcs  angles  mesures  sont 
compares,  a  des  resultats  issus  d'un  modele  de 
propagation  et  a  des  directions  d’arrivee  calculees  a 
partir  d’une  transposition  en  oblique 
d'ionogrammes  verticaux.  On  montre  que: 

-  Fazimut  dans  lequel  se  trouve  l'emetteur  peut  etre 
determine  avec  une  precision  qui  est  celle  du  pas  de 
mesure, 

-  en  elevation,  la  methode  permct  la  mesure  des 
angles  associes  aux  trajets  dominants  bien  que  scs 
performances  soient  limitees  en  presence  de  multi- 
trajets. 


1  INTRODUCTION 

Ces  demieres  annees  de  nombreuses  methodes  de 
radiogoniometrie  ont  ete  publiees  [I],  (21.  13]  .  Ces 
diflerentes  techniques  peuvent  etre  classees  en  trois 
grandes  categories : 

-  les  methodes  interferometriqucs, 

-  lcs  methodes  a  balayage  Doppler, 

-  les  methodes  a  balayage  d’antenne 

La  radiolocalisation  est  l'un  des  objectifs  de  ces 
etudes  (41. 

Dans  le  cadre  d'etudes  de  propagation  HF  en  ondes 
de  ciel,  la  radiogoniometrie  represente  un  moyen 
d'investigation  du  milieu  ionospherique.  Lorsque  la 
position  de  l'emetteur  est  connue  la  determination 
d'angles  d’arrivee  d'ondes  ayant  transitees  par 
l'ionosphere  nous  renseigne  sur  l’altitude  virtuclle 
du  point  de  reflexion  de  ces  ondes.  Ces 
informations  sont  complementaires  de  celles 
obtenues  par  sondage  oblique. 

L’objeclif  de  cet  article  est  de  presenter  des 
resultats  de  radiogoniometrie  a  station  unique  par 
une  technique  de  balayage  d'antenne,  obtenus  a 
l’aide  du  reseau  de  reception  du  sondeur  a 
retrodiflusion  du  Centre  National  d'Etudcs  des 
Telecommunications  (CNET). 

On  decrit  la  methode  employee  et  on  presente  des 
resultats  de  mesures  realises  a  differeutes 
frequences  et  pour  plusieurs  distances,  a  partir 
d'emetteurs  de  radiodiffusion  bien  localises.  Ces 


resultats  concemcnt  a  la  fois  la  determination  de 
Fazimut  et  de  l'elevation  des  ondes  revues. 

Apres  quoi  on  compare  ces  angles  determines 
experimentalement,  a  ceux  issus  d'un  modele  de 
previsions  ainsi  qu'aux  angles  calcules  par 
transposition  en  oblique  d'ionogrammes  verticaux. 

Enfin  on  discute  des  limitations  de  la  methode. 


2  PRESENTATION  DE  LA  METHODE 
2.1  Le  systeme  d'aeriens 

Le  sondeur  a  retrodiffusion  du  CNET  decrit  par 
ailleurs  [5]  est  implante  en  Bretagne  (France),  sur 
File  Losquet  (48.8°  N  ;  3.6°  W).  Ce  systeme  utilise 
pour  l’analyse  de  l’ionosphere  les  frequences 
radioclectriqucs  comprises  entre  6  el  30  MHz.  Son 
systeme  d'aeriens  est  constitue  de  deux  rcseaux 
circulates  conccntriqucs  d'antennes  :  un  pour 
■’emission,  l'autre  pour  la  reception. 

La  methode  de  radiogoniometrie  presentee  dans  cet 
article  met  uniquement  en  oeuvre  le  reseau  de 
reception  du  sondeur. 

Ce  reseau  est  constitue  (Figure  1): 

■  de  64  antennes  actives,  a  polarisation  Verticale, 
reparties  sur  un  cercle  de  68.8  metres  de  rayon, 

-  de  64  dephaseurs  a  commande  numerique  associes 
individucllement  a  chaqu'une  des  antennes.  Ces 
demiers  permettent  un  controle  continu  du 
dephasage  des  signaux  reijus  de  0°  a  360°, 

-  d’un  recepteur  de  mesure, 

-  d'un  calculateur  qui  permet  la  commande  et  la 
gestion  informatique  du  recepteur  et  des 
dephaseurs  ainsi  que  Facquisition  ct 
Fenregistrement  des  mesures. 


2.2  Principe  de  la  methode 

Dans  un  reseau  de  N  antennes,  le  signal  Sj 
disponible  a  la  sortie  d’une  antenne  i  est  pondere 
par  un  coefficient  complexe  Wj.  Les  signaux  Wj  x  Sj 
sont  alors  sommes  avant  l'entree  du  recepteur. 
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La  conformation  du  diagramme  de  directivity 
consists  a  determiner  les  coefficients  Wj  de  maniere 
a  maximiser  Tenergie  dans  la  direction  de  visee.  Lcs 
ponderations  Wj  utilisees  sont  des  termes  de  phase 
appliques  aux  signaux  S;  par  les  dephaseurs  a 
commande  numerique,  lls  s  expriment  de  la  fa?on 
suivante : 

H,  (AZj.Ej)-  «xp  .cos(V|  -Aza)| 


oti: 

Azq  et  Hq  sont  respectivement  les  angles  de 
pointage  du  lobe  principal  en  azimut  et 
en  elevation  (its  definissent  la  direction 
de  visee). 

x  est  la  longueur  d’onde 

M  est  le  rayon  d'impiantation  des 
antennes 

f,  est  Tangle  au  centre  du  reseau  de 
l'antenne  i  par  rapport  au  nord 
geographique,  compte  positivement 
vers  l'Esl. 


La  figure  2a  presente  un  exemple  de  simulation  du 
diagramme  de  directivite  du  reseau  de  reception 
obtenue  a  la  frequence  de  20  MHz  et  pour  des 
angles  de  visee  de  90°  en  azimut  et  de  30°  en  site.  La 
mesure  de  ce  diagramme  cffectuce  a  l'aide  d’une 
technique  decrite  par  ailleurs  (6)  est  presentee  figure 
2b.  Le  bon  accord  entre  la  simulation  et  la  mesure 
confirme  l'aptitude  des  dephaseurs  a  conformer  le 
diagramme  de  directivite  dans  la  direction  choisie. 

Le  recepteur  realise  une  mesure  du  module  de  Si- 
pour  chaque  direction  de  visee  et  la  representation 
de  I  Sj  f  en  fonction  de  la  direction  de  visee  est 
appelee  diagramme  de  reception. 

Dans  I'hypolhese  d'une  onde  plane  incidcnte  le 
diagramme  de  reception  presente  un  maximum 
dans  la  direction  d'arrivee  de  1'onde  et  des  lobes 
secondaires  d’amplitude  moindre  (environ  -8  dB) 
dans  d'autres  directions. 

La  technique  de  radiogoniometrie  que  nous 
appelons  balayage  de  lobe  est  un  balayage  de 
1'espace  par  le  diagramme  de  directivite  du  reseau 
de  reception. 

En  pratique  les  deux  angles  d'arrivee  de  l'onde  sont 
gencralement  inconnus.  Experimentalement  on 
determine  dans  un  premier  terno*  1’azimut  en  se 
donnant  une  elevation  a  priori.  L’azimut  etant  alors 
connu,  on  effectue  un  balayage  en  site. 


3  RESL'LTATS 

3.1  ResulUtsexperimentaux 

Nous  avons  experiments  la  methode  presentee  ci- 
dessus  sur  des  emetteurs  de  radiodiffusion  car  la 
connaissance  de  leur  coordonnees  geographiques 
est  une  aide  a  la  validation  de  nos  mesures.  La 
distance  entre  ces  emetteurs  et  file  Losquet  est 
comprise  entre  500  et  1500  km  environ. 

Les  rcsultats  que  nous  presentons  ont  etc  obtenus 
en  utilisant  la  technique  du  balayage  de  lobe,  en 
azimut  de  0°  a  360°  et  en  elevation  de  0°  a  90°.  Pour 
tenir  compte  des  variations  d’amplitude  observees 


(modulation  d'amplitude  et  evanouissement 
associes  a  la  presence  de  multi-trajets)  dix 
balayages  successifs  ont  etc  moyennes  [7).  La  duree 
d'un  balayage  depend : 

(i)  du  temps  necessaire  a  l'adressage  des 
dephaseurs  et  a  h  realisation  de  la  mesure 
d'amplitude  par  le  recepteur  (environ  0.45 
seconde). 

(ii)  du  pas  angulaire  de  mesure  qui  est  choisi 
par  l'experimentateur  en  fonction  des 
conditions  de  propagation  et  de  la  frequence 
de  l’emetteur  observe. 

La  figure  3  presente  un  exemple  de 
radiogoniometrie  eifectue  a  partir  de  l'emetteur  de 
Lenk  (46°27  N,  7°27  E)  a  la  frequence  de  13.685 
MHz.  Le  diagramme  azimutal  (figure  3a)  a  etc 
obtenu  en  faisant  varier  Tangle  de  pointage  du  lobe 
principal  en  azimut  par  pas  de  deux  degres.  ce  qui 
correspond  a  une  duree  d’acquisition  totale 
d’environ  14  minutes.  Le  diagramme  en  elevation 
(figure  3b)  a  etc  obtenu  en  faisant  varier  Tangle  en 
site  par  pas  de  2  degres  et  conduit  a  une  duree 
d’acquisition  d'environ  3  minutes.  Les  figures  3a  et 
3b  montrent  clairement  une  direction  privilegiee 
d'arrivee  des  signaux,  traduisant  la  presence  d’un 
trajet  dominant  de  propagation.  Par  ailleurs. 
Tazimut  dans  lequel  sont  observes  les  signaux  (103° 
±  1°)  est  le  meme  que  celui  calcule 

geographiquement  (103°). 

La  figure  4  est  un  autre  exemple  representatif  d'un 
mode  de  propagation  dominant,  qui  a  etc  obtenu 
sur  l'emetteur  de  Wertachtal  (48°7  N.  11*5  E)  a  la 
frequence  de  17.»45  MHz.  Les  durees  d'acquisition 
en  azimut  et  en  elevation  sont  environ  de  13  et  7 
minutes  respectivement.  La  comparaison  des 
figures  3a  et  4a  (obtenues  par  pas  de  2  degres) 
montre  que  Touvcrture  du  lobe  principal  en  azimut 
decroit  avec  la  longueur  d’onde.  L'incertitude 
associce  a  la  mesure  dcs  directions  d'arrivee  des 
signaux  en  azimut  varie  dans  le  meme  sens.  Par 
ailleurs.  Tazimut  dans  lequel  sont  observes  les 
signaux  (89°  ±  1°)  est  le  meme  que  celui  calcule 
geograpbiquement  (89°).  Ce  rcsultat  est 
representatif  de  I'ensemble  des  mesures  que  nous 
avons  cffcctuees  •  le  tableau  1  presente  les  angles  de 
gisement  mesures  et  calcules  a  partir  des  positions 
geographiques  dcs  emetteurs.  La  comparaison  des 
angles  indique  que  pour  les  geometries  presentees, 
la  dispersion  azimutale  introduite  par  1'ionosphere 
est  infericure  au  pas  de  mesure. 

La  comparaison  des  figures  3a  et  4a  avec  lcs  figures 
3b  el  4b  montre  que  le  secteur  angulaire  des 
directions  d’arrivee  observees  est  plus  important  en 
elevation  qu'en  azimut.  Ce  rcsultat  peut  etre 
explique : 

(i)  par  la  valeur  de  Touvcrture  du  lobe  principal 
plus  importante  en  elevation  qu'en  azimut.  Le 
tableau  2  indique  la  valeur  des  ouvertures  a  3 
dB  calculees  a  l’aide  de  simulations  pour  des 
frequences  comprises  entre  6  et  30  MHz  et  dcs 
elevations  de  visee  de  20°.  30°  et  40*. 

(ii)  par  la  presence  des  deux  modes  de 
polarisation  ordinaire  et  extraordinaire  par 
trajet  de  propagation. 

(iii)  par  une  dispersion  angulaire  d’origine 
ionospherique  plus  elevee  en  site  qu’en 
gisement.  Celle-ci  est  d'autant  plus  importante 
qu’il  existe  des  gradients. 

11  est  important  de  remarquer  que  les  mesures  que 
nous  presentons  sont  le  rcsultat  de  convolutions 
entre  les  diagrammes  de  directivite  el  des  "plans 
d'ondcs"  incidents.  La  separation  entre  les  effets  de 
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la  largeur  du  lobe  el  de  la  dispersion  angulaire 
introduite  par  l'ionosphere  sur  les  mcsures  en  site 
n'est  done  pas  immediate. 

Si  les  figures  3b  et  4b  sont  representatives  de  la 
presence  d’un  mode  de  propagation  dominant, 
dans  le  cas  general  la  stratification  verticale  de 
l’ionosphere  esl  a  l'ongine  de  trajets  multiples  :  la 
figure  5  est  un  resultat  de  mesure  mettant  en 
evidence  ce  type  de  situation.  Le  diagramme  de 
reception  en  site  possede  deux  lobes  principaux 
indiquant  a  priori  la  presence  de  deux  trajets 
distinrts  en  elevation. 

11  est  a  noter  que  comparee  a  la  mesure  d’un  seul 
trajet  la  presence  de  plusieurs  chemins  de 
propagation  se  traduit  par  une  deformation  du 
diagramme  de  reception  qui  evolue  au  cours  du 
temps  en  fonction  des  relations  de  phase  entre  les 
aeriens.  Suivant  l'instant  de  la  mesure.  la  position  et 
le  nombre  des  lobes  principaux  peut  varier  et  rendre 
ainsi  necessaire  le  moyennage  de  plusieurs 
balayages  consecutifs. 

Dans  le  cas  de  la  figure  5  l'ecart  angulaire  entre  les 
deux  trajets  est  supencur  a  I’ouverture  du  lobe 
principal.  La  figjre  6  presente  un  resultat  de 
balayage  obtenu  en  presence  de  multi-trajets  pour 
lequel  la  difference  d  elevation  entre  les  chemins  de 
propagation  est  comparable  a  l’ouverture  du  lobe 
principal.  La  discrimination  devient  alors  difficile. 

Les  resultats  que  nous  avons  presentes  dans  ce 
paragraphe  montrent  que  la  determination  de 
i'azimut  pose  peu  de  difficult  Par  comre.  en  site  la 
presence  de  multi-trajets  peut  engendrer  des 
problemes  d'interpretation  Nous  nous  proposons 
d’aborder  leur  analyse  dans  le  paragraphe  suivant. 

3.2  Interpretation  des  mcsures  en  site. 

devaluation  des  performances  de  la  technique  de 
radiogoniometrie.  repose  sur  deux  approches: 

-  La  premiere  consiste  a  comparer  les  angles  de  site 
mcsures  aux  directions  d’arrivee  calculecs  a  I’aide 
du  modele  de  previsions  de  propagation  ASAPS  [8]. 
Ce  modele  permet  la  caractensation  des  modes  de 
propagation  et  le  calcul  des  angles  d'incidence  qui 
leur  sont  associes.  pour  une  frequence,  une  liaison 
et  une  date  donnees.  II  est  a  noter  que  ce  modele  ne 
foumit  des  informations  que  sur  I'etat  moyen  de 
l'ionosphere. 

-  La  seconde  methode  est  une  comparaison  de  ces 
mcmes  mcsures  aux  angles  issus  de  la  transposition 
en  oblique  des  ionogrammes  verticaux  obtenus  a 
Lanmon  Cette  transformation,  effectuec  a  1’aide  de 
la  loi  de  la  secante  |9|.  permet  le  calcul  des  angles 
d'incidence  pour  une  frequence  el  une  distance  de 
propagation  donnees.  Rappelons  que  cette 
methode  ne  s'applique  qu'aux  modes  ordinaires  et 
ne  prend  pas  en  compte  d’evcntuels  gradients 
horizontaux  de  densite  clectronique. 

Par  ces  deux  methodcs,  la  qualite  des  mcsures  a  etc 
approchee  en  comparanl  la  difference  entre  les 
angles  mcsures  et  calcules  avec  le  pas  de  mesure. 
Pour  simplifier  I’analyse  des  resultats  seul  les  angles 
associes  au  maximum  du  diagramme  de  reception 
ont  etc  utilises.  Nous  avons  par  ailleurs  separe  les 
mesures  en  deux  categories  correspondant  aux 
bandes  de  frequences  6-12  MHz  et  12-22  MHz;  ce 
qui  permet  de  prendre  en  compte  dans  fanalyse  des 
resultats.  le  fait  que  le  diagramme  de  directivite 

fiossede  un  lobe  principal  plus  large  aux  basses 
requences. 


Les  trois  premieres  colonnes  du  tableau  3  resument 
les  principales  caractenstiques  (lieu  de  l'cmetteur, 
frequence  utilisee,  date,  heure)  des  mesures 
effcctuees  au  cours  du  mots  d’Octobre  1991  et  du 
mois  de  Janvier  1992,  a  partir  d’emetteurs  de 
radiodiffusion  dans  la  bande  12-22  MHz.  Les  angles 
de  site  determines  et  le  pas  de  mesure  utilise  sont 
representes  dans  les  colonnes  4  et  5.  Les  valeurs 
soulignees  correspondent  au  maximum  d'ampUtude 
observe.  Dans  les  quatres  demieres  colonnes  du 
tableau  3  figurent  les  angles  d'incidences  obtenus  a 
l’aide  du  modele  ASAPS  (methode  1)  et  les 
directions  d'arrivee  issues  des  transpositions 
vertical-oblique  (methode  2),  ainsi  que  les 
differences  respectives  de  ces  angles  par  rapport  aux 
mesures. 

On  constate  que; 

-  lorsquc  une  ou  deux  directions  d'arrivee  sont 
mesurces.  I’angle  associe  au  maximum  d'amplitude 
observe  correspond  a  un  des  trajets  prevus  par  les 
methodcs  1  et  2  :  l’ecart  entre  les  angles  calcules  et 
mesures  est  de  l'ordre  de  grandeur  du  pas  de 
mesure. 

-  lorsque  le  nombre  de  trajets  mesures  est  superieur 
a  dcuA,  les  ecarts  entre  les  angles  mesures  et  ceux 
issus  du  calcul  sont  plus  importants.  Ce  resultat 
semble  indiquer  que  l’incertitude  sur  la  mesure 
augmente  avec  le  nombre  de  trajets  mesures. 

Les  resultats  de  radiogoniometrie  obtenus  dans  la 
bande  des  frequences  6-12  MHz  (Tableau  4) 
indiquent  que  les  differences  entre  les  mesures  et  les 
previsions  sont  plus  elevees  que  celles  observees 
dans  la  bande  12-22  MHz.  L'ouverture  du  lobe 
principal  du  diagramme  de  directivite,  plus 
important  aux  basses  frequences  qu’aux  frequences 
elevees  est  probablement  a  l'origine  de  ce  resultat. 
Cependant  un  nombre  plus  important  de  mesures 
est  necessaire  pour  confirmer  cette  explication. 


4  LES  LIMITES  DE  LA  METHODE 

Les  limites  de  la  technique  du  balayage  de  lobe  ont 
etc  evaluecs  en  ayant  recourt  a  dcs  simulations 
ulihsant  un  modele  de  signal  devcloppe  par  Bertel 
et  al  (10],  [111.  Ce  modele  prend  en  compte  les 
trajets  multiples,  la  polarisation  des  modes 
propages  et  le  decalage  Doppler  dilferentiel  existant 
entre  ces  demiers.  On  presente  ici  des  resultats 
relatifs  a  l’etude  de  deux  trajets. 


4. 1  L’ouverture  du  lobe  principal. 

Nous  avons  effectue  des  simulations  en  utilisant 
deux  trajets  separes  d’un  ecart  angulaire  inferieur  a 
la  largeur  a  3  dB  du  lobe  principal  du  diagramme  de 
directivite.  La  figure  7  montre  que  dans  ce  cas  le 
diagramme  de  reception  presente  un  clargissement 
du  lobe  principal.  La  valeur  de  Tangle 
correspondant  au  maximum  du  diagramme  (28*)  est 
la  mime  que  l’elevation  d’un  des  trajets  introduits. 
II  est  a  noter  que  de  maniere  generate  Tangle 
associe  au  maximum  est  intermediate  entre  Tes 
deux  elevations  d'arrivee. 

Lorsque  l'ecart  angulaire  et  l'ouverture  a  3  dB  du 
lobe  principal  sont  dans  un  rapport  2,  le  diagramme 
de  reception  permet  une  discrimination  corrccte  des 
directions  d'arrivee. 

La  limitation  introduite  par  la  largeur  du  lobe 
principal  diminue  avec  la  longueur  d'onde  pour  un 
meme  ecart  angulaire,  puisque  l’ouverture  decroit 
lorsque  la  frequence  augmente. 
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4.2  Le  rapport  des  amplitudes. 

Le  niveau  des  lobes  principaux  du  diagramme  de 
reception  est  fonction  de  (’amplitude  relative  des 
signaux  a  la  sortie  de  Tionosphere  et  du  diagramme 
de  rayonnement  des  antennes.  Dans  ces  conditions, 
les  trajets  de  faible  amplitude  peuvent  etre  masques 
par  les  lobes  secondaires  associes  au  mode 
dominant. 

Nous  avons  simule  ce  phenomene  en  faisant  varier 
les  amplitudes  associees  a  deux  trajets  d’incidences 
15°  et  35°.  La  figurt  8  montre  qu'avec  des 
amplitudes  introduites  identiques,  la  methode 

fiermet  de  retrouver  les  angles  d'arrivee.  Par  contre. 
orsque  les  energies  sont  dans  un  rapport  0.5,  le 
trajet  de  plus  faible  amplitude  peut  etre  confondu 
avcc  un  des  lobes  secondaires  du  diagramme  de 
reception:  ceci  est  illustre  par  la  figure  9. 


4.3  La  duree  de  la  mesure. 

Rappelons  qu'un  balayage  en  site  de  0  a  90  •  par 
pas  de  2°  dure  environ  20  secondes.  La  non 
stationnarite  du  milieu  pendant  cette  duree.  lors  de 
la  presence  de  multi-trajets,  est  aussi  a  i'origine 
d'une  deformation  du  diagramme  de  reception. 
Celle-ci  est  d’autant  plus  importante  que  la  periode 
des  variations  temporelles  des  Doppler  differentiels 
est  de  1'ordre  de  grandeur  de  la  duree  du  balayage. 
Dans  ces  conditions  le  diagramme  de  reception 
presente  un  "feuilletage"  illustre  par  la  figure  10. 

De  maniere  generate,  les  resultats  de  simulations 
monirent  que  diverses  influences  interviennent  dans 
la  deformation  du  diagramme  de  reception. 
Cependant  les  maximums  observes  permettent  une 
interpretation  corTccte  de  la  simulation  avec  deux 
trajets. 


5  CONCLUSION 

Les  resultats  de  Tinterpretalion  des  mesures  de 
radiogoniometrie  que  nous  avons  presentcs  dans  cet 
article  peuvent  etre  resumes  comme  suit : 

En  azimut,  la  comparison  des  directions  d'arrivee 
mesurecs  avec  cellcs  calculees  a  partir  des  positions 
geographiques  des  emetteurs  montre  que  l'azimul 
dans  lequei  se  trouve  l’emetteur  peut  etre  determine 
avec  une  precision  qui  est  celle  du  pas  de  mesure 
utilise. 

En  site,  la  comparison  des  angles  mesures  avec 
ceux  issus  du  modcle  de  prevision  ASAPS  ainsi  que 
ceux  qui  ont  etc  calcules  par  trnsposition  oblique 
d'ionogrmmes  verticaux  montre  que  *  lorsque  un 
ou  deux  trjets  sont  observes,  la  difference  entre 
Tangle  associc  au  maximum  du  diagramme  de 
reception  et  ceux  qui  ont  etc  calcules  est  de  I'ordre 
de  grandeur  du  pas  de  mesure.  Cette  difference  est 
plus  importante  aux  basses  frequences. 

Par  ailleurs,  les  resultats  de  la  simulation  des 
mesures  en  site  indiquent  que  les  performances  de 
la  methode  dependent  au  nombre  de  trjets 
presents  au  moment  de  la  mesure :  la  determination 
de  Tangle  d'incidence  associc  a  un  seul  trajet  peut 
etre  elfectuee  sans  difTiculte.  Par  contrc,  la 
discrimination  de  multi-trjets  n’est  possible  que  si 
les  amplitudes  relatives  qui  leur  sont  associees  sont 
dans  un  rapport  au  moins  de  0.5  et  si  l’ecart 
angulaire  entre  les  directions  d’arrivee  est  superieur 
a  Touverture  a  3  dB  du  lobe  principal  du  diagrmme 
de  directivite. 


Les  resultats  de  cette  etude  preliminaire  montrent 
que  Ton  peut  envisager  1'emploi  de  la  technique  du 
balayage  de  lobe  pour  des  etudes  de 
radiogoniometrie  HF  telles  que  la  rdiolocalisation 
a  station  unique  ou  la  mesure  en  temps  reel  des 
conditions  de  propagation. 
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d£phaseurs  a  Roseau  de  reception  constilud 


Figure  1  :  Synoptique  du  reseau  de  reception  du  sondeur  a  relrodilTusion  du  CNET 
lors  de  son  utilisation  en  radiogoniomctrie. 


a-  diagramme  theorique  b-  diagramme  experimental 


Figure  2 :  Diagrammes  de  directivite  theorique  et  mesure  du  reseau  de  reception  a  la 
frequence  de  20  MHz. 
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Figure  3  :  Diagrammes  de  reception  obtenus  a  partir  de  l'emetteur  de  radiodiflusion 
de  Lenk  (Suisse) 
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Tableau  4:  Comparaison  des  angles  de  site  mesures  avec  les  directions  d’arrivee 
calculees.  a  l’aide  du  modele  de  propagation  ASAPS  (methode  1)  et  des 
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Figure  9 :  Diagramme  de  reception  en  site  simule 
Frequence  * 15.45  MHz 
Azimut  de  visee  -  86* 

Trajet n°l :  Eiivation  introduite*  15° 
Amplitude*  1 

Trajet  n°2 :  Elevation  introduite  «  35* 
Amplitude  *0.5 


Figure  10  :  Diagramme  de  reception  en  site  simule 
Frequence*  15.45  MHz 
Azimut  de  visee  *  86* 

Trajet  n*l :  Elevation  introduite  *7° 
Amplitude  »  0.7 

Trajet  n°2 :  Elevation  introduite  *  16* 
Amplitude  » 1 

Trajet  n°3  :  Elevation  introduite -36° 
Amplitude  *  1 
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DISCUSSION 


E.  SCHWEICHER 

Avcz-vous  employe  une  apodisation  pour  rMuire  les  lobes  secondsires  de  votre  rfsetu  d'anlennes? 

Have  you  used  apodizalion  to  reduce  the  side  lobes  of  your  array? 

AUTHOR’S  REPLY 

Une  fois  le  lobe  forme,  3  l’side  de  la  technique  que  nous  avons  pr6sent6e,  nous  ne  mettons  pas  en  oeuvre  d'autres  m6thodes. 

Once  the  lobe  has  been  formed,  using  the  technique  we  have  described,  we  do  not  use  any  other  methods. 

3.  BELROSE 

When  you  compared  measured  with  predicted  elevation  angle  of  arrival  of  short  wave  broadcast  signals,  have  you  included  in  your 
analysis  the  vertical  plane  patterns  of  the  transmitting  antennas? 

AUTHOR’S  REPLY 

Nous  ne  tenons  compte  que  du  diagram  me  des  antennes  du  rfseau  de  reception  et  nous  considerons  qu'un  mode  dc  propagation  est 
dominant  lorsqu'il  est  mesure  comme  teL 

We  only  take  into  account  the  receiver  array  antenna  pattern  and  we  consider  that  a  propagation  mode  is  dominant  when  it  is 
measured  as  such. 

D.  CHOI 

I  recall  your  measurement  showing  -  5°  beam  width  at  20  MHz.  Fundamentally,  an  array  is  limited  in  beamwidth  by  X/D  in  radians 
where  D  =  size  of  the  aperture  and  X.  is  the  wavelength.  At  20  MHz,  X/D  =  13/68  and  the  best  beamwidth  is  «  12*.  Can  you 
comment  on  this? 

AUTHOR’S  REPLY 

The  radius  of  the  antenna  array  is  68.8  m  but  the  diameter  is  about  140  m  which  gives  the  shown  beamwidth. 

E.  SCHWEICHER 

Sur  volte  second  transparent,  j’ai  note  la  presence  (X  partir  du  calculate ur)  de  2  bus:  un  bus  GPIB  (car  je  croyais  que  GPIO  6tait  une 
faute  de  frappe)  et  un  bus  IEEE  que  je  croyais  identiques.  Quelle  est  la  difference  entre  ces  deux  bus?  Si  GPIO  est  r6ellement 
GPIO  et  non  GPIB.  que  signifie  GPIO? 

On  your  second  viewgraph,  I  noted  that  there  were  2  buses  (starting  from  the  computer),  a  GPIB  bus  (as  I  think  GPIO  was  a  typing 
error)  and  a  IEEE  bus.  which  I  thought  were  identical.  What  is  the  difference  between  these  2  buses?  If  GPIO  is  really  GPIO  and 
not  GPIB  what  does  GPIO  stand  for? 

AUTHOR’S  REPLY 

Le  bus  GPIO  comme  le  bus  IEEE  est  un  bus  parallile  mais  contrairement  au  bus  IEEE  il  n'y  a  aucun  ^change  de  protocole  d’ou  un 
gain  de  rapidit£  au  niveau  du  transfect  des  donndes. 

Like  the  IEEE  bus.  the  GPIO  bus  is  a  parallel  bus.  but  unlike  the  IEEE  bus  there  is  no  exchange  of  protocol,  which  makes  for  more 
rapid  data  transfer. 

C.  GOUTELARD 
Commentaire: 

le  voudrais  faire  remarquer,  suite  X  la  question  du  Dr  Belrose,  qu'il  n'y  a  pas  X  se  pr6occuper  du  diagramme  de  rayonnement  de 
l'lmetteur.  En  effet,  cclui-ci  produil  des  trajets  divers  en  fonction  de  son  diagramme.  Si,  par  exemple,  il  en  supprime  un,  ce  n'est 
pas  important:  le  r&epteur  ne  trailers  que  les  trajets  par  lesquels  les  ondes  se  seront  propagdes,  et  le  traitement  sera  plus  simple.  Le 
role  du  rfcepteur  ici  est  de  determiner  les  trajets  qui  se  sont  propag6s  et  non  ceuz  qui  auraient  pu  se  propager. 

Following  Dr.  Belrose' s  question,  I  would  like  to  point  out  that  we  don't  need  to  concern  ourselves  with  the  emitter's  radiation 
pattern.  In  effect,  the  emitter  produces  different  paths  depending  on  its  pattern.  If  il  cancels  one,  for  example,  this  is  not 
important;  the  receiver  will  only  process  those  paths  along  which  waves  are  propagated,  and  the  processing  will  be  simpler.  In  this 
case,  the  role  of  the  receiver  is  to  determine  the  paths  which  have  been  propagated  and  not  those  which  might  have  been 
propagated. 
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TEST  RESULTS  OF  THE  ADVANCED  TRANSLATOR  PROCESSING  SYSTEM 
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NAVSYS  Corporation 
14900  SVoodcarver  Road 
Colorado  Spnngr,  CO  80921 
USA 

William  Sward,  NAVSYS  Corporation 
Peter  Brows,  NAVSYS  Corporation 


1.  SUMMARY 

The  Advanced  Translator  Processing  System  was 
developed  to  provide  a  low  cost  alternative  to  tracking 
translated  OPS  signals.  It  is  backwards  compatible  with 
the  Translator  Processing  System  (TPS)  currently  used  to 
track  Ballistic  Missile  Translators  (BMT)  by  the  US 
Ranges.  NAVSYS  has  also  developed  a  BMT  compatible 
Translator. 

A  key  element  of  the  ATPS  is  the  Preamplifier/ 
Downconvertor  (P/DC)  module  which  was  developed  by 
NAVSYS  to  condition  the  received  Translator  sigral  so  it 
can  be  tracked  with  a  conventional  C/A  code  receiver. 
This  significantly  reduces  the  cost  of  the  hardware  by 
allowing  the  ATPS  to  be  constructed  mostly  from  off-the- 
shelf  components.  The  ATPS  and  Translator  were  tested 
against  the  RAJPO  Ballistic  Missile  and  Translator 
Processing  System  Specifications.  This  paper  presents  the 
results  of  tests  demonstrating  the  performance  of  the 
ATPS  and  Translator  under  different  operating  conditions. 

NAVSYS  has  also  developed  a  Post  Test  Processing 
System  (PTPS),  incorporating  the  same  components, 
which  records  the  Translator  data  during  the  tests.  Wheo 
this  data  is  played  back,  high-  -curacy  Time  and  Space 
Position  Information  (TSPI)  data  can  bis  computed  on  the 
vehicle  even  under  extreme  dynamics. 

2.  INTRODUCTION 

2.1  Current  Translator  Systems 

OPS  Translator  tracking  systems  have  been  developed  by 
the  US  Navy  and  by  the  tri-service  Range  Applications 
Joint  Program  Office  (RAJPO).  These  are  designed  to 
provide  real-time  Time  Space  Position  Information  (TSPI) 
data  for  high  dynamic  flight  test  and  tracking  applications. 

The  GPS  Translator  concept  is  illustrated  in  Figure  1 .  The 
Translator  installed  on-board  the  missile  converts  the 
received  L-band  GPS  signals  to  S-band  and  rebroadcasts 
them  to  a  ground-based  Translator  Processing  System 
(TPS)  where  the  location  of  the  vehicle  is  determined. 
The  RAJPO  BMT  Translator  signal  spectrum  is  illustrated 
in  Figure  2.  To  limit  the  S-band  signal  bandwidth,  only 
the  C/A  code  GPS  signals  are  translated  and  broadcast  to 
the  TPS. 

2.2  NAVSYS  Advanced  Translator  Processing  System 
For  many  of  the  potential  applications  for  GPS 
Translators,  the  size  and  cost  of  the  Translator  Processing 
System  currently  in  use  in  the  United  States  is  prohibitive. 
NAVSYS  has  developed  a  smaller,  low  cost  Advanced 
Translator  Processing  System  (ATPS)  suitable  for  use  in 
these  applications. 


The  reduction  in  size  and  cost  of  the  system  was  achieved 
through  the  use  of  off-the-shelf  components  where 
possible.  The  key  element  of  the  ATPS  is  the 
Preamplifier/Do  wnconvertor  (P/DC)  subsystem.  The 
P/DC  tracks  the  Pilot  Carrier  from  the  GPS  Translator 
and  usee  this  signal  to  control  downconvenion  of  the 
received  S-hand  signal  back  to  the  L-band  signal  received 
by  the  Translator.  This  signal  it  then  passed  to  a 
conventional  GPS  receiver  for  processing. 

The  performance  of  the  ATPS  is  limited  only  by  the 
tracking  performance  of  the  GPS  receiver.  Testing  has 
been  performed  using  a  number  of  GPS  receivers 
including  the  Mini-Rogue  SNR  8A,  the  Asfatech  XU,  and 
the  Navstar  XR3-P  receiver. 

3.  NAVSYS  GPS  TRANSLATOR 

The  NAVSYS  GPS  Translator  was  designed  to  be 
backwards  compatible  with  the  Ballistic  Missile  Translator 
(BMT)  Type  A,  with  the  following  additional  capabilities: 

While  the  BMT  is  designed  to  operate  at  one  of  89 
possible  frequencies,  the  frequency  of  the  NAVSYS 
Translator  is  field  selectable  to  any  of  the  89  channels 
through  an  internal  switch.  The  NAVSYS  Translator  is 
also  designed  to  allow  BPSK  data  to  be  modulated  on  the 
Pilot  Carrier  (PC)  signal.  This  enables  the  Translator  to 
be  used  as  a  telemetry  link  as  well  as  a  tracking  system. 
The  Translator  will  also  allow  the  S-band  GPS  signal  to 
be  modulated  with  a  pseudo-noise  M-code.  This  feature 
can  be  used  to  allow  the  CDMA  operation  of  multiple 
translators  sharing  the  same  frequency  band. 

The  Translator  specification  is  summarized  in  Table  1. 

4.  PREAMPUFIER/DOWNCONVERTOR 

The  P/DC  is  designed  to  operate  with  signals  from  either 
the  BMT  or  the  NAVSYS  Translator  at  any  of  the  89 
S-band  frequency  channels.  The  P/DC  converts  the 
received  Translator  signals  from  S-band  for  subsequent 
processing  by  a  GPS  receiver.  The  P/DC  specifications 
are  summarized  in  Table  2. 

The  P/DC  follows  an  S-band  preamplifier,  normally  a 
range  preamplifier  providing  25  ±5  dB  of  gain  with  2  dB 
noise  figure.  The  S-band  signal  from  the  preamplifier  is 
mixed  to  an  IF  frequency  and  AGC  amplified.  The 
leveled  signal  is  divided,  one  path  being  bandtimited  to 
the  C/A-code  spectrum,  translated  to  L-band  and  output 
to  the  GPS  receiver,  the  other  being  translated  to 
baseband  and  output  to  the  P/DC  Controller. 

The  P/DC  Controller  provides  control  voltages  to  set  the 
AGC  gain  and  the  synthesizer  reference  frequency 
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Table  1  TmuUtor  Specification 


Table  2  P/DC  Specification 


Input  Signal: 
Frequency 
Signal  level 


CPS  LI  C/A  Code 
1575.42  MHz  ±50  kHz 
-145  dBm  to -110  dBm 


Output  Signal:  Channel  Field  Selectable  N  -  1  to  89 
Center  Frequency  2201.92  +  N  MHz 
PC  Frequency  2200  +  N  MHz 
RF  Power  Level  +35  ±2  dBm  (3  witta) 

Teat  Option  +30  ±2  dBm  (1  watt) 

PC  Level  RF  Power  Level  -  (10  ±  2  dB) 


S-Band  Signal  Input 

Composite  of  Translator  output  signals 
Center  Frequency:  2201 .92  MHz  to  2390.92  MHz 
(selectable  in  1  MHz  steps) 

PC  Frequency:  Center  Frequency  +  PC  Offset 

RF  Level:  -97  dBm  to  -21  dBm 

PC  Level:  10  ±2  dB  below  RF  level 

Preamp  Noise  Level:-147  ±5  dBm/Hz 
PC  Offset:  -1.92  MHz +  M  MHz 

M  =  1  to  56 


Modulation  Options: 

M-Code  (CDMA)  DC  to  1  MBPS 
PC-Data  (Telemetry)  DC  to  62.5  KBPS 


Performance  Requirements: 

Phase  Stability 
Condition 
10  second  period 
10  dB  input  change 
-145  to  -110  dBm  input  range 
Frequency  Accuracy  ±10  PPM 
Frequency  Drift  0.1  sec  Allan  Variance  <  10 18 
Pilot  Carrier  Phase  Jitter 

Double  Sided  Noise  Bandwidth 
1  to  10  Hz 
1  to  1500  Hz 
1  to  15.000  Hz 
Output  Phase  litter 

Double  Sided  Noise  Bandwidth  RMS  Phase  litter 
1  to  10  Hz  £7* 

1  to  1500  Hz  £15* 


Requirement 

£30* 

£5* 

£20* 


RMS  Phase  litter 
£8* 

£10* 

£15* 


Physical  Requirements: 

Immersed  Volume  25  cubic  inches 
Weight  1.8  pounds  (excluding  antennas, 

cabling,  connectors,  and  primary 
power  source) 

Power  20  to  32  VDC,  22  watts 


(provided  from  a  voltage  controlled  crystal  oscillator 
(VCXO)). 

The  P/DC  Controller  is  a  DSP  compiler  card  embedded 
in  a  host  IBM  Personal  Computer.  The  P/DC  Controller 
digitally  samples  the  Pilot  Carrier  signal  at  200  kHz  and 
processes  this  data  to  provide  the  AGC  and  VCXu  control 
signals.  The  AGC  control  is  required  to  adjust  the 
received  signal  level  of  the  translated  GPS  signal  to  the 
nominal  level  expected  by  the  GPS  receiver.  The  VCXO 
control  is  required  to  remove  the  frequency  offset  on  the 
S-band  carrier  from  the  Translator  clock.  This  function 
realigns  the  L-band  code  and  carrier  Doppler  shifts  so  that 
the  receiver  can  function  without  any  modification.  The 
L-band  signal  then  appears  to  the  GPS  receiver  as  though 
it  were  received  along  the  path  translator-satellite-ground. 

5.  TEST  RESULTS 

The  Translator  and  ATPS  system  test  results  are  described 
in  the  following  sections.  Component  level  tests  were 
performed  to  verify  that  the  Translator  and  P/DC  met 
their  individual  specifications,  the  system  tests  were  then 
used  to  verify  the  performance  of  the  systems  under 
laboratory  conditions. 

5.1  Navigation  Performance  Tests 
The  test  configuration  shown  in  Figure  3  was  used  to 
verify  the  operation  of  the  Translator  and  P/DC  under 
static  conditions  and  to  compare  the  navigation 
performance  to  that  with  a  reference  GPS  receiver. 


Signal  Encoding 

M-Code  DC  to  1  MBPS 

L-Band  Signal  Output 

Translator  L-Band  input,  Translator  input  noise,  and 

amplifier  thermal  noise 

Center  Frequency:  1575.42  MHz 

RF  Level:  -94.5  dBm  to  -77.5  dBm 


Performance  Requirements 
Attenuator  Control  Power:  0  to  70  dB 
Distance  1:2000 

Frequency  Control  ±  10  ppm 

±  20  kHz  at  S-Band 

Frequency  Accuracy  0  01  PPM  after  3  minute 


warm-up 

Frequency  Drift  0.1  sec  Allan  Variance  <  10'° 
Pilot  Carrier  Channel  Phase  Jitter 

Double  Sided  Noise  Bandwidth  RMS  Phase  litter 


1  to  10  Hz  4o 

1  to  1500  Hz  5o 

1  Hz  to  IS  KHz  8o 


Signal  Channel  Phase  Jitter 
Double  Sided  Noise  Bandwidth 
1  to  10  Hz 
1  to  1500  Hz 


RMS  Phase  Jitter 

4o 

8o 


Physical  Requirements 

Immersed  Volume  (46  cubic  inches) 

All  dimensions  exclusive  of 
connectors  and  mountings. 

Weight  3.3  pounds  MAX,  excluding 

antennas,  cabling,  connectors,  and 
primary  power  source. 

Power  20  to  32  VDC  (23  watts) 


Initial  measurements  were  made  between  two  XR3-P 
receivers  directly  tracking  the  GPS  satellite  signals 
(Figure  4).  The  double  difference  delta-ranges  (DDR) 
between  two  satellites  and  two  receivers  operating  from  a 
common  antenna  was  used  to  characterize  the  phase-noise 
on  the  tracking  loops.  The  variance  of  this  ptuue-noise  is 
equivalent  to  twice  the  individual  phase-noise  variance  on 
a  single  satellite. 

A  second  set  of  results  were  made  between  a  reference 
receiver  and  a  receiver  tracking  the  signals  from  the  GPS 
Translator  (Figure  5).  The  results  showed  a  slight 
degradation  in  signal  to  noise  ratio  in  the  translator  signal. 
There  was  no  noticeable  increase  in  the  carrier  phase 
noise  observed  from  the  DDR  measurements.  In  both 
cases  the  DDR  1-sigma  was  around  5  mm,  indicating  that 
the  receiver  tracking  loop  noise  of  roughly  2.5  mm  is 
dominating  any  phase  noise  introduced  by  the  Translator 
and  P/DC. 

The  relative  position  and  velocity  accuracy  was  also  very 
similar  between  the  Translator  and  dual-receiver  test 
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cue*.  The  velocity  accuracy  was  0.01-0.02  m It  1-sigma 
in  both  c *se*  for  PDOPs  of  2.5  or  better. 

5.2  Power  Level  Tests 

The  purpose  of  the  power  test  was  to  demonstrate  the 
ability  of  the  AGC  loop  to  track  the  translated  signals 
throughout  the  hill  range  of  operation  of  the  P/DC.  To 
perform  this  test,  variable  attenuation  was  introduced  into 
the  path  from  the  Translator  to  the  P/DC  to  vary  the 
received  S-band  RF  power  from  -116  dBm  to  -56  dBm, 
equivalent  to  tracking  a  Translator  over  a  1:1000  change 
in  range. 

Throughout  the  tests,  the  SNR  through  the  Translator  was 
degraded  by  0  to  3  dB.  The  DDR  measurements  provided 
a  1-sigma  variance  of  around  5  mm,  except  where  steps 
were  observed  due  to  a  timing  error  problem  in  the 
XR3-P  data.  The  observed  velocity  in  the  high  dynamic 
mode  was  between  1-2  cm /*  1-sigma.  The  relative 
position  error  between  the  two  GPS  receivers  was 
generally  within  3  meters. 

5.3  Simulated  Dynamics  Tests 

Since  the  ATPS  testing  was  performed  in  the  laboratory, 
it  was  obviously  not  possible  to  demonstrate  the 
performance  under  actual  vehicle  dynamics.  Instead, 
simulated  Doppler  shifts  (or  oscillator  frequency  shifts) 
were  introduced  on  the  Translator  signal  output  by 
varying  the  frequency  of  the  Translator  oscillator.  By 
heating  and  cooling  the  Translator  oscillator,  it  was 
possible  to  cause  the  frequency  to  vary  by  over  10  ppm. 
This  is  equivalent  to  a  frequency  shift  at  S-band  of  20 
kHz  or  a  Doppler  velocity  shift  of  3000  m/s.  This  test 
verified  the  ability  of  the  P/DC  Controller  to  remove  this 
frequency  shift  without  disrupting  the  operation  of  the 
ATPS  receiver. 

The  change  in  frequency  inserted  an  apparent  acceleration 
into  the  translated  GPS  signal  of  up  to  10  m/s/s  (1  g) 
(Figure  6).  If  this  were  not  corrected  for  in  the  P/DC,  the 
frequency  offset  would  cause  an  error  in  the  DDR 
measurements  and  the  velocity  computed  by  the  XR3-P 
receiver.  In  addition,  the  XR3-P  receiver  would  have 
difficulty  maintaining  code  lock  due  to  the  difference  in 
the  apparent  code  anl  carrier  Doppler  shifts.  The  P/DC 
correction  removed  the  Translator  clock  offset  frequency 
so  the  L-band  signal  into  the  XR3-P  receiver  was 
unaffected  by  the  apparent  Doppler  shift. 

During  this  test,  the  Translator  SNR  was  within  2  dB  of 
the  reference  receiver,  the  variance  of  the  DDR 
measurements  was  less  than  6  mm,  and  the  velocity 
provided  by  the  receiver  was  accurate  to  4  cm/s.  The 
velocity  accuracy  was  the  only  noticeable  change  in  this 
test.  Under  "static’  conditions  the  velocity  accuracy  was 
better  than  2  cm/s,  while  under  the  "dynamic"  conditions 
the  accuracy  degraded  to  4  cm/s,  with  the  receiver  in 
high-dynamic  mode.  However,  this  performance  is 
excellent  when  tracking  a  signal  that  varies  by  10  m/s/s, 
and  it  demonstrates  the  precision  of  the  P/DC  tracking 
loops  in  removing  the  S-band  Doppler  frequency  offset. 

5.4  Interference  Tests 

These  tests  demonstrated  the  ability  of  the  P/DC  to  track 
individual  Translator  signals  when  more  than  one 
Translator  is  operating,  and  to  switch  between  the 
Translators.  In  the  first  test,  two  Translators  were 
connected  to  the  input  of  the  P/DC  with  their  frequencies 
offset  by  4  MHz  (2206.5  MHz  and  2210.5  MHz).  The 
two  Translators  were  set  with  a  relative  power  level  of  6 
dB.  The  P/DC  was  able  to  track  both  signals  accurately 
throughout  the  test. 


A  second  test  was  performed  with  the  Translators 
separated  in  frequency  by  20  MHz  and  the  relative  power 
level  adjusted  to  determine  the  minimum  and  maximum 
tracking  power  level  for  the  P/DC.  The  P/DC  was  able 
to  track  both  Translators  and  provide  DDR  and  velocity 
accuracies  comparable  to  the  tests  described  in  5.2  (3-4 
mm  and  2  cm/s)  over  a  49  dB  operating  range.  When  the 
signal  power  for  the  low  power  Translator  was  dropped 
further,  the  P/DC  receiver  had  trouble  maintaining  lock 
on  the  signal. 

6.  FURTHER  DEVELOPMENTS 

NAVSYS  is  currently  developing  a  Post-test  Processing 

System  (FTPS)  based  on  the  ATPS  design. 

The  FTPS  is  illustrated  in  Figure  7  and  consists  of  a 
single  rack  of  equipment  and  a  host  SUN  computer  that  is 
designed  to  record  and  post-test  process  Translator  data. 

In  record  mode,  the  FTPS  records  data  from  two  tracking 
antennae  (typically  one  Left  Hand  Circularly  Polarized 
(LHCP)  the  other  RHCP  Translator  signals  from  die  same 
vehicle)  and  one  static  reference  GPS  antenna  to  a  high 
speed  Very  Large  Data  Store  (VLDS)  recorder. 

In  post-test  mode,  the  FTPS  permits  playback  of  the 
recorded  data  and  recovery  of  the  GPS  data.  The 
specification  of  the  Post  Test  Processing  System  is  listed 
in  Table  3. 

6.1  Data  Recording 

The  configuration  of  the  FTPS  recording  system  is  shown 
in  Figure  7. 

The  FTPS  system  uses  two  P/DC  units  and  controllers,  as 
described  for  the  ATPS  system,  to  AGC  the  incoming 
7  ranslator  signals  and  convert  the  signal  back  to  L-band. 
The  resulting  L-band  GPS  signals  are  fed,  along  with  a 
reference  channel  signal  'rom  a  static 
anterma/preamplifier,  to  three  Predete.  tion  GPS  Receivers 
(PGR).  The  PGR  is  s  NAVSYS  des  gned  GPS  rec-iver 
that  outputs  In-Phase  and  Quad  rate  re  sample#  of  the 
incoming  signal  at  2  MSps. 

The  resulting  data  streams  are  packed  into  an  8-hit  word 
along  with  digitized  Pilot  Carrier  data  from  the  two 
P/DCs  and  paused  to  a  Mel  rum  VLDS  Data  recorder 
recording  at  2  MBytes/sec. 

Timing  of  the  entire  system  conies  from  a  highly  liable 
overused  10  MHz  oscillator. 

The  two  P/DC  controller  DSP  cards  are  embedded  in  a 
SUN  Sparcstation2  host  computer  that  also  controls  the 
tape  recorder. 

6.2  Post-Test  Processing 

The  configuration  of  the  PTPS  post-test  system  is  shown 
in  Figure  8.  The  recorded  data  is  retrieved  from  tape  into 
an  interface  card.  The  interface  card  buffers  1  second  of 
data  and  routes  the  desired  GPS  channel  to  two  arrays  of 
up  to  10  accelerator  chips.  Each  accelerator  chip  it 
instructed  by  the  host  to  track  one  of  the  visible  satellites. 
The  accelerator  chip  performs  code  correlation  and 
tracking  under  control  of  one  of  two  DSP  cards.  Aiding 
data,  if  available,  is  passed  from  the  host  to  the  DSP  to 
control  the  tracking  algorithms.  Acquisition  over  a  wide 
range  of  Dopplers  can  be  achieved  using  search  bins  of 
500  Hz  and  repeatedly  processing  the  data  in  the  1-second 
data  buffer.  Once  signal  lock  has  been  acquired,  the  tape 
will  start  streaming  and  processing  can  be  achieved  in 
real-time.  Loop  logic  permits  real-time  aiding  between 
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Table  3  FTPS  Syrian  Specification 


Table  4  Summaiy  of  A  TPS  System  Test  Results 


Input  LHCP  and  RHCP  Translator  signals  at  S-band 

-76  dBm  to  -16  dBm 
LI  reference  signal  per  1CD-GPS-200 


Output  to  tape  Composite  words  of  1-bit  digitized 
(l&Q)  2  MSps  GPS  signals  (3  ea)  and 
5-bit  digitized  400  kHz  Pilot  Carrier 
signals  (2  ea) 


Tape  Recorder 
Transfer  rate 
Tape  medium 
Record  time 


Mctrum  VLDS 

2  MByte/sec  sustainer  transfer  rate 
T-120  video  cassette 
84  minutes 


Host  computer  SUN  Sparcstation  2  with  two  C-30 
DSP  cards. 


Physical  characteristics  (without  host  computer) 
Weight  160  lbs 

Dimensions  26"  x  17"  x  24" 


Navigation  Performance 
SNR  Degradation  1  dB 

DDR-Observed  Phase  Noise  4  mm  (1-sigma) 
Position  Error  <3  meters 

Velocity  Error  2  cm/s  (1-sigma) 

P/DC  Power  Level  Thresholds 

Maximum  -56  dBm 

Minimum  -116  dBm 

Frequency  Tests 

Full  Range  ±10  ppm  (±3000  m/s) 

Simulated  Dynamics  0  to  10  ppm  (10  m/s/s 
acceleration) 

Interference  Tests 

Translators  separated  by  4  MHz  and  6  dB  -  Passed 
Translators  separated  by  20  MHz  and  49  dB  -  Passed 


Maximum  Dynamics  for  PTPS  Tracking  Loops 
Velocity  6000  m/s 

Acceleration  50  g 

Jerk  50  g/s 

Maximum  Doppler  ±92  kHz 

PTPS  Tracking  Loop  Performance 
Signal  LI  C/A  code 
Performance  40  dB-Hz  (SNR) 

PR  @1  Hz  =  6  m  (1-sigma) 
DR  @1  Hz  =  1  cm  (1-sigma) 


GPS  signals  to  this  precision  over  a  60  dB  range  of 
power,  providing  a  range  of  operation  of  1:1000  in 
distance. 

The  P/DC  has  also  been  integrated  into  a  Post-Teat 
Processing  system  that  is  capable  of  recording  the 
Translator  signals  during  a  mission.  The  PTPS  is 
designed  to  replay  this  data  and  make  high  accuracy 
measurements  throughout  the  vehicle's  trajectory  even 
under  high  dynamics. 


Acquisition  Threshold  32  dB-Hz  (SNR) 

Tracking  Threshold 

AFC  Tracking  21  dB-Hz  @10  g  @10  g/s 

Phase  '{'racking  22  dB-Hz  @5  g  @5  g It 

(data  aided) 


channels  to  assist  reacquisition  if  lock  is  lost.  In  this  way, 
the  LHCP  can  aid  the  RHCP  channel  (and  vice  versa) 
during  signal  fades.  Host  control  permits  tape  rewind  and 
reacquisition  if  lock  is  lost  on  both  channels  during 
streaming. 
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A  preliminary  processing  pass  using  the  static  reference 
receiver  data  provides  navigation  data,  which  can  also  be 
used  to  navigation  data-aid  the  tracking  loops.  This 
results  in  roughly  a  6  dB  improvement  in  the  tracking 
loop  threshold. 

7.  CONCLUSIONS 

The  results  of  the  ATPS  system  tests  are  summarized  in 
Table  4.  The  development  of  both  the  Translator  and  the 
P/DC  proved  to  be  highly  successful  and  all  of  the  design 
objectives  were  met. 

The  Translator  demonstrated  its  backward  compatibility 
with  the  BMT,  and  its  capability  of  Held-selectable 
operation,  at  all  89  of  the  BMT  frequencies. 

The  Advanced  Translator  Processing  System  pasted  all  of 
the  system  tests  and  demonstrated  that  the  P/DC  is 
capable  of  tracking  GPS  signals  with  no  noticeable 
performance  degradation  over  a  conventional  GPS 
receiver.  Carrier  phase  measurements  were  provided  to  an 
accuracy  of  3  mm  and  velocity  was  determined  to  1  cm Is 
(1-sigma)  with  the  receiver  in  high-dynamics  mode  of 
operation.  The  P/DC  was  capable  of  tracking  translated 
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Figure  4  XR3-P  vi  XR3-P  Comperooo  (Continued) 
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Figure  5  Navigation  Performance  Teat* 
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Figure  8  PTPS  Processing  Mode 


DISCUSSION 

E.  SCHWEICHER 

Instead  of  doing  payback  from  your  taperecorder,  is  it  not  possible  to  use  Kalman  filtering  in  case  of  break  lock? 


AUTHOR’S  REPLY 

The  benefit  of  playing  back  the  data  is  that  other  sources  of  aiding  data  can  be  used.  Kalman  filtering  is  used  anyhow. 
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Communication  Interference/ Jamming  and  Propagation  Analysis  System 
and  its  Application  to  Radio  Location 

H.  Kuzucu 

Communication!  Division 
SHAPE  Technical  Centre 
P.O.  Box  174 
2501  CD  The  Hague 
The  Netherlands 


SUMMARY 

Modem  defence  lyitcms  depend  on  comprehcniive  surveil¬ 
lance  capability.  The  ability  to  detect  and  locate  the  radio 
signals  is  a  majorelement  of  a  surveillance  system.  With  the 
increasing  need  for  more  mobile  surveillance  systems  in 
conjunction  with  the  rapid  deployment  of  forces  and  the 
advent  of  technology  allowing  more  enhanced  use  of  small 
aperture  systems,  tactical  direction  finding  (DP)  and  radio 
location  systems  will  have  to  be  operated  in  diverse  oper¬ 
ational  conditions.  A  quick  assessment  of  the  error  levels 
expected  and  the  evaluation  of  the  reliability  of  the  fixes  on 
the  targeted  areas  bears  crucial  importance  to  the  effective¬ 
ness  of  die  missions  relying  on  DF  data.  This  paper  presents 
a  sophisticated,  graphics  workstation  based  computer  tool 
developed  for  the  system  level  analysis  of  radio  communica¬ 
tion  systems  and  describes  its  use  in  radio  location  applica¬ 
tions  for  realizing  such  accurate  and  realistic  assessments 
with  substantial  money  and  time  savings. 

1.  INTRODUCTION 

Radio  direction  finding  and  location  capability  is  a  key 
component  r.f  a  comprehensive  surveillance  system  which  can 
be  used  in  a  multitude  of  applications  such  as  communication 
intelligence  (CO MINT),  electronic  support  measures  (ESM), 
force  strength  assessments,  emitter  homing  and  targeting, 
interference  and  friendly  source  location.  The  requirement 
for  more  mobile  surveillance  systems  in  conjunction  with  the 
rapid  deployment  of  forces  and  the  advent  of  technology 
allowing  more  enhanced  use  of  small  aperture  systems  forces 
tactical  direction  finding  (DF)  and  radio  location  systems  to 
operate  in  diverse  operational  conditions.  The  effect  of 
varying  terrain  structure  on  the  propagation  path  losses  and 
the  noise  introduced  by  jamming  significantly  affect  the 
performance  of  DF  stations  arid  the  siting  requirements. 
Therefore  for  the  effectiveness  of  the  missions  using  DF  data 
it  is  important  to  have  an  accurate  assessment  of  the  bearing 
error  (BE)  levels  expected  and  a  realistic  evaluation  of  the 
reliability  of  the  fixes  on  the  targeted  areas.  SHAPE  Techni¬ 
cal  Centre’s  Communication  Interference/Jamming  and 
Propagation  Analysis  System  (STC  CIPAS)  is  a  very  user- 
friendly  computer-based  tool  for  conducting  such  realistic 
assessments  in  a  very  fast  and  cost-effective  manner.  This  is 
accomplished  by  allowing  the  user  to  easily  control  all  the 
relevant  scenario  parameters  down  to  a  very  high  level  of 
detail  through  a  multiple  pull-down  menu  style  interface. 
Different  parameter  combinations,  system/equipment  options 
and  deployment  schemes  can  be  quickly  evaluated  and 
compared. 

The  propagation  model  TIREM  (Terrain  Integrated  Rough 
Earth  Model)  integrated  into  STC  CIPAS  uses  digitized 
terrain  elevation  data  (DTED)  to  calculate  accurate  path 
losses  across  the  real  terrain  profiles.  The  realism  and 
accuracy  thus  achieved  may  be  regarded  as  the  stage  prior  to 
actual  field  measurements  which  would  be  much  more 
expensive  and  take  longer. 

Analysis  has  been  confined  to  tactical  communications  in 
VHF  and  UHF  bands.  Uncorrelated  noise  jamming,  propaga¬ 
tion-induced  errors  and  the  thermal  noise  are  the  only  error 


sources  considered.  The  effect  of  the  propagation-induced 
errors  on  the  rms  bearing  and  position  fixing  is  considered 
only  in  the  sense  of  signal  power  attenuation,  rms  bearing 
errors  are  calculated  as  a  function  of  the  signal-to-noisc  ratio 
(SNR)  as  given  for  phase  interferometer  DF  systems. 
Stans  field  algorithm  has  been  taken  as  the  basis  for  the 
de>  .vation  of  the  radio  location  parameters. 

2.  ARCHITECTURE  OF  STC  CIPAS 

The  foundation  of  STC  CIPAS  is  the  scenario  development 
application.  The  scenario  development  application  is  used  to 
construct  communication  scenarios  that  contain  units 
(deployed  assets)  with  specific  equipments,  on  a  background 
map.  The  background  map  is  constructed  using  the  DTED 
of  the  relevant  area.  The  equipment  includes  communication 
devices  and  jammers.  Performance  parameters  are  entered 
by  the  user  to  define  the  capabilities  of  each  type  of  equip¬ 
ment  and  these  can  be  saved  in  a  database  of  equipment 
types.  The  site-dependant  parameters  relating  to  the  equip¬ 
ments  are  specified  within  relevant  unit  definitions.  Selected 
sets  of  units  can  then  be  grouped  together  to  partition  a 
complex  scenario  and  be  saved  as  laydown  files.  Network 
files  define  the  links  between  various  participants.  In  the 
final  phase  of  the  scenario  development,  the  map,  laydown 
and  network  files  arc  aggregated  together  to  form  the  desired 
scenario.  Scenario  files  can  be  saved  and  added  to  a  data¬ 
base.  The  user  can  easily  retrieve  an  available  scenario  file 
for  using  or  editing  purposes.  Additionally,  the  scenario 
development  application  includes  a  number  of  map  and 
display  utilities  and  preferences  features  to  help  the  user 
examine  and  tailor  the  created  scenarios.  Detailed  descrip¬ 
tion  of  all  the  utilities  and  features  is  given  in  Ref.  1. 

The  STC  CIPAS  has  also  an  application  component  which 
allows  the  user  to  conduct  detailed  communication  analysis  on 
the  constructed  scenario.  This  component  comprises  three 
main  utilities.  These  are  sitc-to-site  propagation  analysis, 
interference  analysis  and  communications  coverage.  With  all 
three  utilities,  STC  CIPAS  gives  the  user  the  option  of 
selecting  from  three  propagation  models.  These  models  are 
TIREM  of  the  US  Department  of  Defense  Electromagnetic 
Compatibility  Analysis  Centre  (ECAC),  free  space  path  loss 
model,  and  radio  line-of-sight  (LOS)  model.  LOS  model  like 
TIREM  uses  the  terrain  profiles  derived  from  DTED. 
TIREM  operates  in  the  40  MHz  to  20  GHz  frequency  band. 
It  includes  LOS,  diffraction,  atmospheric  absorption,  and 
tropospheric  scatter  loss  algorithms.  Ionospheric  refraction 
has  been  excluded.  For  each  mode  of  propagation,  the  model 
accommodates  several  sub-modules.  Besides,  various  gap¬ 
filling  interpolative  sub-modules  have  also  been  provided  in 
order  to  avoid  wide  swings  and  discrepancies  at  the  transi¬ 
tions  from  one  mode  to  another  one.  More  detailed  informa¬ 
tion  on  TIREM  is  given  in  Ref.  2. 

The  STC  CIPAS  allows  for  communication  devices  and 
jammers  being  able  to  operate  using  multiple  carrier  fro- 
quenciea  with  variable  passbands,  and  thus  allows  simulation 
of  the  effects  of  frequency  hopping.  Users  can  create 
complex  antenna  beam  patterns  and  define  passbands  of 
communication  devices  and  jammers  in  different  ways. 
Relative  antenna  directivities,  passband  overlaps  and  receiver 
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front-end  noise  are  automatically  taken  into  account  in  all 
calculation!. 

The  following  acctions  will  describe  each  of  the  three 
analytical  tools  mentioned  above  in  conjunction  with  their 
application  to  DP  and  radio  location  examples. 

3.  SITE-TO-SITE  PROPAGATION  ANALYSIS 

The  site-to-sitc  propagation  analysis  utility  allows  evaluation 
of  path-loss  between  units  defined  in  a  scenario  for  which 
communication  networks  have  been  established.  In  addition 
to  path  loss,  it  calculates  the  received  power  levels,  power 
and  noise  margins  and  jamming  power  if  jamming  is  opera¬ 
tive. 

The  sample  scenario  prepared  for  the  demonstration  of  the 
site-to-siie  capability  has  been  superimposed  on  a  section  of 
Germany  as  shown  in  Figure  1.  Figure  2  shows  the  same 
section  in  foil  zoom.  Pbr  the  purpose  of  clarity,  the  simplest 
possible  scenario  involving  all  of  the  functionally  necessary 
participants  has  been  used.  This  consists  of  a  mobile  DF 
ground  site  (marked  with  BNFDC  -Battalion  Fire  Distrftution 
Centre),  a  mobile  ground  transmitter  (marked  with  BDEFDC 
-  Brigade  Fire  Distribution  Centre)  which  the  DF  site  aims  to 
locate  and  an  airborne  jammer  which  jams  the  DF  site. 

The  DF  site  BNFDC  and  BDEFDC  are  52.S  km  apart  from 
each  other.  The  airborne  jammer  cruises  along  a  race  track 
course  at  an  altitude  of  1000  m  and  aims  to  jam  the  DF 
receiver. 

In  the  first  example  of  the  site-to-sitc  analysis,  the  VHF 
transmitter  on  BDEFDC  is  tuned  to  70  MHz  with  a 
bandwidth  of  50  kHz  as  shown  in  Figure  3.  It  has  an  omni¬ 
directional  antenna  and  an  effective  radiated  power  (ERP)  of 
200  W.  For  the  sake  of  performance  testing,  theDF  receiver 
has  been  set  to  the  same  carrier  with  a  minimum  discernible 
signal  (MDS)  level  of -115  dBm.  A  current  technology  phase 
interferometer  DF  station  used  for  tactical  intelligence 
collection  would  cover  from  20  to  500  MHz  with 
extendability  to  1200  MHz.  The  IF  bandwidth  has  been  set 
to  50  kHz.  The  jammer  parameters  are  set  as  shown  in 
Figured.  Jammer  antenna  is  directed  towards  theDF  station 
and  has  0  dB  gain. 

With  the  values  as  given  above,  the  lite-to-site  analysis  is 
first  carried  out  under  no  jam  conditions  using  free  space 
loss.  The  result  ia  displayed  in  the  first  line  of  Figure  5. 
Free  space  loss  is  calculated  as  103.6  dB.  Since  the  thresh¬ 
old  value  of  SNR  for  the  DF  is  set  to  0  dB  (see  Fig.  3)  and 
jammer  has  not  been  turned  on,  the  noise  margin  of  64.4  dB 
is  the  signal-to-noise  (SNR)  ratio  calculated  from  the  received 
signal  (-50.6  dBm)  and  the  recover  noise.  The  problem  now 
is  <o  translate  the  SNR  into  the  rms  bearing  error  of  the  DF 
station.  In  the  following  analysis,  the  observational  errors 
and  the  environmental  errors  such  as  scattering,  reradiation 
and  propagation  path  deviations  have  not  been  considered. 
Effect  of  propagation  induced  errors  has  been  accounted  for 
only  in  terms  of  signal  power  attenuation. 

As  was  mentioned  earlier,  the  DF  system  used  has  been 
assumed  to  be  a  direct  phase  comparison  interferometer. 
These  systems  are  well  suited  for  tactical  intelligence  collec¬ 
tion  and  ESM  applications.  Both  require  near  instantaneous 
DF  over  a  broad  range  with  precise  sngle-of-arrivsl  (AOA) 
measurement  accuracy.  Further  the  signals  of  interest  include 
a  variety  of  modulation  formats.  The  direct  phase  DF  is 
relatively  tolerant  of  signal  modulation  including  short- 
duration  and  spread  spectrum  transmissions.  Phase  interfer¬ 
ometers  are  subject  to  four  major  instrumental  errors  as 
discussed  below  (Ref.  3): 

Antenna  scattering  and  coupling; 

..  Thermal  Noise; 

3.  Multichannel  phase  mismatch  and  tracking: 

4.  Computational  approximations. 


The  errors  introduced  by  antenna  scattering  and  coupling  arc 
deterministic;  therefore  these  errors  can  be  defined  by  site 
calibration  and  negated  by  the  DF  algorithm.  Multichannel 
phase  mismatch  and  mistracking  errors  are  deterministic; 
however,  these  errors  are  a  function  of  time,  temperature, 
signal  conditions  and  operational  effects  such  as  maintenance. 
Therefore  periodic  test  signal  insertion  is  required.  Computa¬ 
tional  errors  arise  from  the  use  of  algorithms  which  approxi¬ 
mate  certain  functions.  Generally,  algorithm  errors  are  small 
if  correction  procedures  are  used  and  may  be  ignored  if  the 
correction  schemes  are  robust.  We  will  concentrate  on  the 
thermal  noise  and  the  uncorrelatcd  noise  jamming.  The 
primary  effect  of  these  is  to  introduce  random  errors  into  the 
phase  measurement  process.  Assuming  a  relatively  high 
SNR,  Figure  6  gives  a  plot  of  the  root  mean  square  (rms) 
bearing  error  versus  SNR  for  a  phase  interferometer  which 
has  a  baseline  length  to  wavelength  ratio  of  0.5  (Ref.  3).  In 
all  the  following  calculations,  zero  mean  rms  bearing  errors 
with  Gaussian  distribution  have  been  assumed.  Zero  mean 
value  allows  to  interchange  the  error  variance  with  the  square 
of  the  rms  error.  Where  possible,  the  DF  baselines  are 
aligned  with  the  coordinate  axes  such  that  the  DOA  is  at  0 
degree  azimuthal  and  90  degree  elevation  angles. 

If  we  now  apply  the  SNR  value  of  64.4  dB  to  the  curve  of 
Figure  6,  the  rms  bearing  error  is  found  to  converge  to  0. 
The  accuracy  introduced  through  the  use  of  TTREM  is 
strikingly  illustrated  when  the  analysis  is  repeated  with  the 
same  settings  but  using  T1REM  instead  of  free  space  loss. 
The  second  line  of  Figure  5  gives  the  TIREM  results.  The 
path  low  prediction  is  25.1  dB  more  than  the  free  space  value 
and  the  received  power  drops  to -75.7  dBm.  The  SNR  falls 
to  39.3  dB.  Although  significantly  lower  than  the  first  value, 
this  figure  still  yields  a  very  low  mu  bearing  error.  The 
terrain  profile  between  the  DF  site  and  the  emitter  is  shown 
in  Figure  7. 

The  next  example  further  emphasizes  the  importance  of 
realistic  and  accurate  calculaUoru  by  demonstrating  the 
significant  performance  difference  imposed  by  only  a  alight 
coordinate  change  on  the  emitter  side  of  the  link.  Despite  the 
coordinate  change,  the  link  length  is  almost  the  same.  The 
new  emitter  coordinates  and  the  new  path  profile  is  given  in 
Figure  8.  Comparison  with  Figure  7  indicates  that  the  path 
is  now  obstructed  with  two  knife  edges  rather  than  one  and 
the  first  Fresnel  zone  coven  more  terrain.  Consequently  the 
received  signal  drops  by  more  than  16  dB  and  the  SNR  is 
23  dB.  This  is  shown  in  the  third  line  of  Figure  5.  That 
means  that  the  rms  bearing  error  would  now  be  about 
2  degrees. 

If  we  now  revert  back  to  the  original  emitter  coordinates  but 
increase  the  frequency  to  160  MHz,  the  SNR  drops  from 
39.1  dB  to  33.1  dB.  This  worsens  the  bearing  error  by  0.5 
degrees. 

Let  us  now  turn  the  jamming  on  (see  Fig.  4).  The  effect  of 
this  is  illustrated  comparatively  in  Figure  9.  The  second  line 
in  the  figure  indicates  a  received  jamming  power  of  -103.8 
dBm.  When  compared  with  the  unjammed  value  in  the  first 
line,  this  indicates  a  drop  of  11.5  dB  in  the  SNR.  The 
bearing  error  rises  to  1.2  degrees.  The  third  line  gives  the 
result  when  the  IF  bandwidth  of  the  DF  receiver  is  increased 
from  50  kHz  to  100  kHz.  Both  the  receiver  noise  and  the 
jamming  noise  double  up  reducing  the  SNR  by  half  to  24.8 
dB.  This  translates  into  an  rms  bearing  error  of  2  degrees. 

Site-to-site  analysis  can  also  be  applied  to  frequency  hopping 
radios.  In  this  mode,  it  gives  an  output  averaged  over  the 
multiple  frequencies  in  addition  to  the  results  for  each 
individual  frequency.  The  following  is  an  example  for  the 
direction  finding  of  a  hopping  emitter  under  foil  and  partial 
jamming  of  the  DF  receiver.  The  multiple  frequencies  of  the 
VHF  emitter  are  chosen  is  shown  in  Figure  10.  In  the  first 
run  of  the  site-to-site  analysis,  57  dBm  jammer  power 
directed  it  the  DF  site  is  split  over  five  partial  bands  each  of 
which  is  100  kHz  and  centres  one  of  the  five  emitter  fre¬ 
quencies.  Therefore  each  of  the  emitter  frequencies  received 
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it  the  DP  «ite  hu  jamming  noise  superimposed  on  it.  The 
fust  six  lines  of  Figure  11  gives  the  outcome  for  this  case. 
The  sixth  line  is  the  result  averaged  over  the  previous  five 
individual  values  and  corresponds  to  an  rms  bearing  of 
2  degrees.  In  the  second  run,  jammer  frequencies  arc  offset 
such  that  only  the  first  carrier  frequency  is  jammed.  The 
result  is  given  in  the  second  set  of  six  lines  in  Figure  11.  As 
can  be  seen,  the  average  jamming  power  input  the  DF 
receiver  it  7  dB  lower  than  before  and  also  lower  than  that 
capturing  the  first  carrier  frequency  which  is  the  only  one 
jammed  this  time.  This  improves  the  rms  bearing  error  to  1 
degree. 

So  far  we  have  considered  the  assessment  ofthe  expected  rms 
bearing  errors  as  a  function  of  the  scenario  variables.  It  now 
remains  to  see  what  implications  these  constraints  place  on 
the  problem  of  locating  a  radio  emitter. 

The  most  basic  form  of  horizontal  emitter  location  it  to  use 
the  triangulation  of  the  linc-of-bcarings  (LOB)  from  three 
sites  at  known  locations  In  the  presence  of  random  errors, 
geometric  estimation  of  position  based  on  the  error  triangle 
contains  deficiencies.  Stans  field  has  developed  a  statistical 
method  (Ref.  4)  of  position  estimation  which  places  emphasis 
on  the  random  errors.  Assuming  a  Gaussian  distribution  of 
the  bearing  errors  characterized  by  the  standard  deviation  or 
rms  error,  the  positional  uncertainty  is  designated  by  elliptical 
probability  regions  (PR)  which  also  provide  a  measure  of 
confidence  of  the  positional  fix. 

In  an  active  operational  scenario,  tactical  DF  information 
could  be  expected  to  cover  a  wide  area  of  interest  across  the 
whole  front  of  the  friendly  positions  to  an  operationally  useful 
depth  in  enemy-held  ground.  The  size  of  the  target  area  is 
related  to  the  level  of  confidence  that  the  target  lies  within  it 
For  military  purposes  a  confidence  level  of  about  75%  would 
be  necessary  if  action  were  being  taken  on  the  information 
(Ref.  5).  Therefore  for  a  target  area  it  is  important  to  know 
the  size  of  the  uncertainty  areas  and  the  reliability  ofthe  fixes 
acquired  from  a  DF  system  under  various  operational 
conditions. 

As  was  shown  previously,  CIPAS  provides  an  efficient  means 
of  incorporating  the  effects  of  jamming,  receiver  noise  and 
propagation  path  losses  into  the  rms  bearing  errors  under 
diverse  tactical  scenarios.  The  following  examples  extend 
these  ideas  to  illustrate  the  effect  of  jamming  and  propagation 
path  losses  on  the  position  estimation. 

Die  scenario  layout  is  shown  in  Figure  12.  Three  mobile 
ground  DF  stations  evenly  spaced  on  a  50  km  baseline 
provide  a  best  position  estimation  (BPE)  for  an  unknown 
target  at  60  km  away.  Stansficld  method  hat  been  used.  As 
before,  the  DF  stations  are  assumed  to  be  phase  interferome¬ 
ters  having  the  SNR  versus  rms  bearing  error  relation 
described  by  Figure  6.  A  stand-off  airborne  jammer  tries  to 
disrupt  the  DF  stations.  The  DF  stations  have  zero  mean 
Gaussian  distributed  rms  bearing  errors.  Figure  13  give- 
site-to-site  output  with  and  without  jamming  As  can  be  r. 
from  the  first  three  lines,  when  the  jammer  is  o"  V 
expected  SNR  from  each  DF  is  about  26  dB.  This  gi  an 
rms  bearing  error  of  2  degrees.  Following  the  methoc 
Stansficld,  the  area  of  the  elliptical  PR  is  found  to  be  26  km 
squares  for  a  75%  probability.  This  is  designated  by  the 
small  ellipse  in  Figure  12.  When  the  jammer  is  turned  on  the 
SNR  values  of  the  DF  stations  drop  to  about  16.5  dB  yielding 
a  bearing  error  of  5  for  each  station.  This  raises  the  area  of 
PR  to  162  km  squares.  This  is  marked  by  the  larger  outer 
cirele  in  Figure  12.  Therefore  for  a  BPE  at  this  certain  point 
on  the  terrain,  jammer  causes  the  uncertainty  area  to  increase 
more  than  6  times. 

In  order  to  illustrate  the  accuracy  provided  by  TIREM ,  let  us 
now  slightly  change  the  position  of  the  emitter  keeping  the 
distances  the  same  as  before.  Jammer  is  turned  off. 
Figure  14  gives  the  SNR  values  for  the  original  and  the  new 
emitter  positions.  As  can  be  seen  from  the  second  set  of 
three  lines  for  the  new  emitter  position,  the  SNR  value  at 


each  DF  drops  to  about  18  dB.  This  means  an  rms  bearing 
error  of  4  degrees.  The  PR  area  increases  to  a  value  of  104 
km  squares.  A  slight  move  of  the  emitter  may  introduce 
significant  terrain  obstruction  mlo  the  DF  path  and  may  be  as 
deleterious  at  jamming  in  terms  of  inflicting  location 
uncertainties. 

4.  COMMUNICATION  COVERAGE 

The  communication  coverage  utility  allows  swift  evaluation 
of  the  propagation  coverage  provided  by  a  communication 
transmitter,  with  the  aid  of  high-reaolution  graphics.  Output 
from  the  utility  is  superimposed  on  the  relevant  terrain  map 
as  radials  (radial  coverage)  emanating  from  the  transmitter, 
or  at  cells  filling  a  selected  area  (region  coverage).  Both  are 
coloured  according  to  a  legend  defined  for  the  received 
power  or  SNR  bands  at  the  points  of  evaluation.  The  evalu¬ 
ation  takes  into  account  communication  device  parameters, 
site-dependant  attributes,  electromagnetic  factors,  and  the 
effects  of  surrounding  terrain  elevation  data  on  propagation 
path-loss.  The  effect  of  jamming  from  any  jammer  platforms 
that  may  be  targeting  the  probing  receiver  can  also  be 
evaluated.  The  user  can  choose  between  fixed-frequency  and 
freqtiency-hoppinganalysis.  In  the  case  of  frequency-hopping 
analysis,  coverage  at  each  point  is  calculated  on  the  basis  of 
an  average  power  or  SNR  value  obtained  over  the  frequencies 
defined  for  the  communication  device.  Users  can  control 
many  options  to  tailor  coverage  analysis  to  needs. 

The  sample  scenario  used  for  communication  coverage  has 
been  superimposed  on  the  section  of  Denmark  shown  in 
Figure  1 .  Figure  15  shows  the  selected  section  in  full  zoom. 
The  participants  of  the  scenario  are  a  fixed  ground  site 
(marked  with  CRC  -  Control  and  Report  Centre),  and  an 
airborne  jammer  The  aircraft  flying  over  the  land  is  an 
airborne  DF  station  trying  to  locate  the  ground  site,  ft  has  an 
altitude  of  300  m  AGL  at  37  6  km  from  the  CRC.  ft  flics 
across  a  100  km  racetrack  course  with  a  cross-range  to  range 
(CR-R)  ratio  of  2.7.  Sparagna  ct  al  (Ref.  6)  state  that  with 
minimum  pcipendicular  error  estimation  algorithm  of 
Stansficld  accuracy  is  reduced  at  CR-R  ratios  above  about  3 
whereas  a  CR-R  ratio  below  unity  provides  relatively  large 
rms  range  errors  Therefore  the  optimum  CR-R  range  is 
from  about  1  to  3.  The  CRC  has  a  UHF  radio  the  coverage 
of  which  will  be  examined.  The  airborne  jammer  cruises 
along  a  race  track  course  at  an  altitude  of  1000  m  over  the 
sea  and  aims  to  jam  the  communication  in  an  angular  sector 
centring  the  DF  aircraft.  The  distance  of  the  jammer  to  the 
DF  aircraft  at  the  location  shown  in  Figure  15  is  87.2  km. 

For  the  example  demonstrating  the  application  of  communica¬ 
tion  coverage  to  DF  and  radio  location,  the  UHF  emitter  is 
tuned  to  300  MHz.  The  antenna  has  a  main  bcamwidth  of  32 
degrees,  no  side  and  back  lobes.  The  ERP  is  200  W.  For 
testing  purposes,  the  aiibomc  DF  receiver  passband  is  set  to 
2  MHz  centred  around  300  MHz.  As  for  the  jammer,  it  has 
an  ERP  of  60  dBm  which  is  spread  over  2  Mhz  in  3  partial- 
bands.  A  band  of  1  MHz  centred  around  299  MHz  is  the 
only  one  overlapping  the  passband  of  the  airborne  radio. 
This  means  that  only  1/4  th  of  the  total  jammer  poweraffects 
the  DF  receiver.  Jammer  antenna  has  been  directed  towards 
the  DF  aircraft  with  a  main  bcamwidth  of  20  degrees.  The 
jammed  sector  is  marked  with  the  dashed  lines  in  Figure  15. 

With  the  values  as  given  above,  the  coverage  has  first  been 
done  under  jamming.  Radial  coverage  has  been  used  with 
TIREM  at  an  angular  resolution  of  4  degrees.  Probing  DF 
receiver  is  airborne  at  an  altitude  of  300  m  AGL.  The  cut¬ 
off  value  of  the  signal-to-noise  (SNR)  ratio  is  set  to  5  dB  in 
the  colour  legend.  This  means  that  the  radials  will  be  broken 
at  points  which  have  an  SNR  below  5  dB.  This  coverage 
diagram  is  shown  in  Figure  15.  As  can  be  seen,  communica¬ 
tion  is  partially  denied  in  the  jammed  area  and  the  average 
attainable  communication  range  in  the  jammed  sector  it  28.5 
km  which  falls  short  of  the  location  of  the  DF  receiver.  That 
meant  that  the  SNR  available  at  the  airborne  DF  site  is  lower 
than  5  dB.  This  implies  the  bearings  taken  in  the  jammed 
sector  will  have  very  large  rms  errors  and  will  be  practically 
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uaeles*  in  locating  the  ground  emitter.  The  communication 
U  returned  outtide  the  jammed  sector  and  stretches  up  to  110 
km.  Starting  immediately  from  outaide  the  jammed  lector  up 
to  about  75  km,  the  SNR  valuer  itay  between  20  and  40  dB 
allowing  bearing!  to  be  taken  with  mu  error!  varying 
between  0.2  and  3.8  degree!.  In  order  to  aaaeu  the  disrup¬ 
tive  effect  of  the  jammer,  the  analyaia  it  repeated  with  the 
jammer  disabled.  This  time  the  whole  area  up  to  110  km  ia 
covered  without  any  gaps.  Besides  the  SNR  values  inside  the 
jammed  sector  enhance  significantly  making  the  whole  area 
up  to  75  km  suitable  for  reasonable  bearing  measurements. 

5.  INTERFERENCE  ANALYSIS 

The  interference  analysis  application  allows  users  to  choose 
victim  sites  and  communication  devices  and  then  select 
jammers  or  unintentional  interferers  that  could  disrupt  the 
communications  at  the  site.  The  application  then  calculates 
the  interference  power  received  from  each  interferer  and  the 
probability  of  interference  in  case  of  frequency-hopping 
devices.  Evaluations  can  be  perfoimcd  for  all  four  possible 
combinations  of  fixed  frequency  or  frequency  hopping 
inlerferer-victim  pairs.  Output  information  is  both  graphic 
and  textual.  In  the  context  of  DF  applications  interference 
analysis  can  be  used  for  spectrum  monitoring  and  interference 
source  location  as  shown  in  the  example  below. 

The  sample  scenario  used  for  interference  analysis  hai  been 
superimposed  on  a  section  of  Italy.  The  participants  of  the 
scenario  are,  a  fixed  ground  site  (CRC),  a  mobile  ground  site 
DF  station  (BNFDC)  and  an  airborne  jammer.  The  scenario 
window  is  shown  in  Figure  16.  The  distance  between  CRC 
and  BNFDC  is  25  km.  The  CRC  is  a  friendly  UHF  radio 
site.  The  airborne  jammer  cruises  along  a  short  race  track 
course  at  an  altitude  of  300  m  and  aims  to  jam  the  CRC 
radio.  The  distance  of  the  jammer  to  the  DF  site  is  approxi¬ 
mately  100  km. 

The  DF  site  aims  to  locate  the  position  of  the  airborne 
jammer.  Since  the  aircraft  is  flying  relatively  low,  the 
depression  angle  is  shallow.  Therefore  azimuthal  DF  may  be 
applied.  For  the  sake  of  demonstrating  the  interference 
analysis,  the  DF  radio  is  tuned  to  300  MHz  with  a  fictitious 
passband  of  4  MHz.  The  jammer  is  a  partial-band  jammer 
with  an  ERP  of  60  dBm.  The  way  the  partial-bands  are 
arranged  is  as  follows:  500  kHz  around  298,  305  and  310 
MHz,  750  kHz  around  299  MHz,  1000  kHz  around  301  MHz 
and  1750  kHz  around  302.475  MHz  all  totalling  to  5  MHz. 
With  these  values,  the  total  signal  coming  from  the  jammer 
is  found  to  be  -  65.08  dBm.  The  receiver  noise  floor  is  -100 
dBm  due  to  the  large  passband.  Therefore  the  SNR  (the 
signal  in  this  case  is  the  jamming  waveform)  is  35  dB 
enabling  bearing  measurements  at  0.5  degrees  rms  error. 
Figure  17  displays  the  textual  output  of  the  analysis.  The 
figure  of  4/6  shown  under  the  Ratio  column  indicates  that  4 
out  of  the  6  partial-bands  of  the  jammer  hits  the  passband  of 
the  DF  receiver.  On  the  other  hand,  despite  a  distance  of 
only  25  km  the  signal  coming  from  the  CRC  radio  is  much 
smaller  relative  to  the  jamming  signal.  This  is  due  to  the 
high  attenuation  introduced  by  the  terrain  profile.  In  addition 
to  the  textual  output,  a  spectral  breakdown  of  the  jamming 
signal  power  is  provided  in  the  frequency  spectrum  plot 
shown  in  Figure  18.  Besides,  colour  aided  arrows  (see  Fig. 
16)  are  superimposed  on  the  scenario  which  indicate  the 
sources  and  the  direction  of  the  signals  reaching  the  DF  site. 

6.  CONCLUSIONS 

Development  of  the  STC  C1PAS  started  in  1988.  The  aim 
was  to  produce  a  speedy  and  flexible  tool  to  support  the  study 
of  UHF  electronic  counter-countermeasures  (ECCM)  deploy¬ 
ment  (HavcQuick),  system-level  analysis  and  investigation  of 
electromagnetic  compatibility  (EMC)/ECCM  trade-offs. 
Suiting  from  selected  modules  of  the  US  command,  control, 
communications  and  intelligence  simulation  (C3IS1M) 
software  STC  has  developed  a  highly  versatile  radio  propaga¬ 
tion  analysis  tool,  or  CIPAS  which  can  be  effectively  applied 
to  DF  and  radio  location  applications.  The  extreme  computa¬ 


tional  speed,  accuracy  provided  by  TIREM ,  user-friendliness, 
high  resolution  graphics  capabilities  and  wide  frequency 
range  makes  STC  CIPAS  suitable  for  realistic  and  cost- 
effective  bearing  error  predictions,  reliability  assessments  of 
positional  fixes  snd  radio  location  success  rate  evaluations  in 
diverse  Uctical  communication  scenarios  and  radio  location 
applications. 
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DISCUSSION 


J.  RICHTER 

You  (toted  that  TIREM  gives  "accurate"  propagation  data  over  variable  terrain  and  showed  signal-to-noise  and  jamming  diagrams. 
Since  TIREM  does  not  consider  propagation  anomalies  and  does  not  handle  propagation  over  variable  terrain  other  than  diffraction, 
this  conclusion  is  clearly  not  true.  A  scenario  which  is  subject  to  ducting  may  encounter  propagation  conditions  completely 
different  from  those  predicted  by  TIREM.  The  user  of  your  system  should  be  aware  of  these  limitations. 

AUTHOR'S  REPLY 

As  I  discussed  in  my  presentation,  TIREM  covers  LOS,  diffraction  and  tropo scatter  modes  of  propagation.  There  are  also  3 
different  LOS  models  depending  on  the  minimum  ray  clearance  above  the  terrain  and  the  diameter  of  the  first  Fresnel  zone.  CIPAS 
as  a  whole  used  TIREM  only  as  a  sub-module.  If  under  certain  conditions,  other  propagation  effects  are  to  be  taken  into  account 
that  can  easily  be  done  inserting  another  module  into  CIPAS  without  changing  any  of  the  presented  capabilities  of  CIPAS  as  a 
system  level  radio  communication  analysis  tool.  If  you  are  aware  of  a  better  model  than  TIREM,  I  would  certainly  appreciate  your 
contribution  in  the  respect 

G.  HAGN 

TIREM  computes  basic  transmission  loss,  and  the  user  must  supply  the  internal  power  gain  in  the  direction  of  the  path.  Currently 
available  models  for  antenna  gain  (e.g.,  the  Numerical  Electromagnetic  Code,  NEC)  assumes  flat  ground,  but  actual  gains  of 
antennas  in  irregular  terrain  can  be  different  by  15  to  20  dB  at  low  elevation  angles  (e.g.,  0  to  5  degrees).  It  has  only  recently 
become  possible  to  extend  NEC  to  the  case  of  irregular  terrain  on  which  the  antenna  is  deployed.  The  strategy  is  to  assume  that  the 
ground  is  flat  within  several  wavelengths  (i.e„  locally  flat)  and  use  NEC  to  determine  the  currents  on  the  antenna.  These  currents 
(and  related  fields)  are  then  used  as  inputs  to  the  NEC  basic  scattering  code  (NECBSC)  developed  at  Ohio  State  University.  The 
terrain  is  modeled  as  a  lossy  dielectric  plate,  and  as  many  plates  are  used  as  are  required  to  reduce  the  RMS  difference  between 
actual  and  modeled  terrain  to  an  acceptable  value.  This  method  was  used  to  compute  the  perturbations  in  patterns  (at  27.7  MHz)  of 
16  foot  monopoles  and  A/2  d:poles  at  IS  feet  above  ground  when  located  on  the  top  of  a  hill,  behmd  the  hill  and  in  front  of  the  hill. 
Measured  ground  constants  were  necessary  for  the  vertically  polarized  monopole,  but  perfectly  conductive  plates  were  adequate  for 
the  horizontally  polarized  dipole.  The  model  work  was  performed  by  Professor  J.K.  Breakall,  Mr.  15.  Young,  and  Professor  DU. 
Werner  of  Penn  State  University.  This  work  is  summarized  in  the  proceedings  of  the  Tactical  Communications  Conference  (TCC- 
92),  Fort  Wayne,  IN,  April  1992:  GJL  Hagn,  J.K.  Breakall  D.H.  Werner,  Di.  Faust,  and  R.W.  Adler,  "Measurement  and 
Modeling  of  HF  Monopoles  and  Dipoles  in  Irregular  Terrain."  It  would  be  possible  to  generate  a  look  up  table  of  gain  changes  for 
categories  of  antenna  siting  in  irregular  terrain.  Such  an  addition  could  improve  the  realism  of  you  simulations. 

AUTHOR’S  REPLY 

In  CIPAS  basic  antenna  patterns  and  antenna  pair  values  can  be  simulated.  If  this  information  can  be  provided  off-line,  it  is  a 
matter  of  the  user  incorporating  that  data  into  the  proper  antenna  elements.  CIPAS  capabilities  would  in  that  case  be  no  different 
than  that  discussed  in  the  presentation.  In  that  respect  I  appreciate  your  comments  on  modeling  the  antenna  gains  and  I  will 
certainly  consider  the  contribution  of  the  work  you  are  referring  to. 

A.  VAN  DEN  ENDE 

What  do  you  think  about  adding  an  estimate  of  the  increase  in  rms  bearing  error  in  C 1.  ,i  case  cf  irregular  terrain?  If  multipath 
effects  are  included,  the  presented  rms  bearing  error  is  expected  to  be  more  realistic  for  a  given  terrain  profile. 

AUTHOR'S  REPLY 

TIREM  is  only  a  sub-module  of  CIPAS.  Any  model,  if  it  exists,  which  can  give  more  accurate  results  than  TIREM  can  be 
embedded  into  CIPAS  without  restraining  any  of  its  capabilities  as  discussed  in  the  presentation  If  you  are  aware  of  a  better 
propagation  model,  I  would  certainly  be  interested  in  considering  it.  Your  contribution  in  that  respect  would  be  highly  appreciated. 
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SUMMARY 

The  rapid  expansion  of  telecommunication  has  practically 
saturated  every  band  of  Radio  Frequency  Spectrum;  a  si¬ 
milar  expansion  of  electrical  and  electrode  devices  has  af¬ 
fected  all  radio  communications  which  ate,  in  some  way, 
influenced  by  a  large  amount  of  interferences ,  either  inten¬ 
tionally  or  unintentionally  produced. 

Operational  consequences  of  these  interferences,  particu¬ 
larly  in  the  frequency  channels  used  for  aeronautical  servi¬ 
ces,  can  be  extremely  dangerous,  making  mandatory  a 
tight  control  of  Electromagnetic  Spectrum. 

The  present  paper  analyzes  the  requirements  and  the  pro¬ 
blems  related  to  the  surveillance,  for  civil  application,  of 
the  Electromagnetic  Spectrum  between  20  and  1 000  Mhz, 
with  particular  attention  to  the  detection  and  location  of  ra¬ 
dio  interference  sources;  after  a  brief  introduction  and  tire 
indication  of  the  advantages  of  an  airborne  versus  ground 
installation,  the  airborne  system  designed  by  Alenia  in 
cooperation  wife  Italian  Ministry  of  Post  andTelecommu- 
nication,  its  practical  implementation  and  the  prototype  in¬ 
stallation  on  board  of  a  small  twin  turboprops  aircraft  for 
experimentation  purposes  is  presented. 

The  results  of  the  flight  tests  are  also  analysed  and  discus¬ 
sed. 

1.  OPERATIONAL  REQUIREMENTS 

The  rapid  expansion  of  tele  communication  has  practically 
saturated  every  available  radio  frequency  spectrum,  ma¬ 
king  mandatory  a  tight  control  of  it. 

All  radio  communication  transmissions  are,  in  some  way, 
affected  by  a  large  amount  of  interferences,  either  intentio¬ 
nally  or  unintentionally  produced. 

While  the  firsts  ate  generated  with  the  precise  aim  to  di¬ 
sturb  and  to  disrupt  the  communication  channels  and  can 
be  classified  in  the  intentionally  jamming  category,  either 
military  for  strategicpurposes.orcivil  for  criminal  purpo¬ 
ses,  the  second  ones  can  be  broadly  subdivided  in: 

-  spurial  emissions  and  higher  order  harmonics  originated 
by  signals  transmitted  with  not  well  controlled  spectral 
bandwidth  and  frequency  stability,  at  bands  sometimes  ve¬ 
ry  frr  from  victim  frequency;  these  interferences  are  gene¬ 


rally  due  to  a  bad  design,  manufacturing  or  maintenance 
of  the  transmitting  station;  this  is  particularly  true  for  pri¬ 
vate  radio  and  T.V.  stations  with  high  power  and  in  proxi¬ 
mity  of  victim  frequency 

-  emissions  generated  by  unauthorized  transmitting  sta¬ 
tions  (radio  amateurs,  citizen  band,  radiomobile  services, 
etc.) 

-  emissions  generated  by  scientific,  industrial,  medical, 
office  equipment,  domestic  appliances  (the  microwave 
ovens  are  a  good  example)  which  do  not  comply  with  the 
interference  suppression  regulations 

The  operational  consequence  of  all  interference  can  vary 
by  a  very  large  amount,  from  simple  just  annoying,  flicke¬ 
ring  or  white  spots  on  T.V.  receivers,  to  extremely  dange¬ 
rous,  as  the  alteration  or  cancellation  of  communication, 
navigation  or  landing  aids  signals  forcivil  and  military  air¬ 
craft,  or  disruption  of  military  communication  channels. 
As  an  example,  a  particularly  dangerous  situation  occur¬ 
red  in  Italy,  at  Rome  Airport,  when,  some  years  ago,  as  re¬ 
ported  by  the  press,  a  signal  of  unusual  high  power  made 
completely  useless  six  Air  Traffic  Control  air-to-ground 
communication  channels  for  over  two  hours;  as  a  conse¬ 
quence,  airoraft  landings  and  take-offs  were  severely  af¬ 
fected  with  very  long  delays. 

A  further  recent  entry  in  the  already  crowdeo  .F.  spec¬ 
trum  is  the  Cellular  Telephone  service.  Even  if  this  service 
ope  rates  lnapartoftbespectrumi, hi-  pshou-d  be  relative¬ 
ly  free  (in  Italy  the  assigned  frequencies  span  between  940 
and  952  MHz)  a  potential  hazard  exist'  of  reciprocal  inter¬ 
ference  with  other  services. 

The  identification  and  location  of  all  these  interference 
sources  is  mandatory  in  order  to  pursuit  and  toenforce  the 
originators  to  step  the  emissions  or  to  reenter  whithin  pre¬ 
scribed  limits  aud  comply  whitb  internationally  agreed  re¬ 
gulations. 

2.  SEARCH  FOR  INTERFERENCE 

The  search  for  electromagnetic  interference  source  shall 
be  performed  by  means  of  the  following  activities: 

-  monitoring  of  the  interested  electromagnetic  band 

-  analysis  of  the  electromagnetic  information 
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-  location  of  the  interference  source 


3. 1.1.  Direction  Finder  receiver 


-  evaluation  and  coropariso’  i  with  applicable  regulations 
The  success  of  any  action  aimed  to  reduce  or  suppress  the 
unwanted  emissions  rely  primarily  in  the  exact  location  of 
the  emission  source;  the  basis  of  die  location  techniques 
are: 

-  the  identification  of  the  direction  of  arrival  of  the  signal, 
which,  apart  from  propagation  and  measurements  errors, 
is  coincident  with  the  direction  of  the  transmitter 

-  the  accurate  knowledge  of  the  position  from  where  the 
measurement  of  die  direction  is  taken 

To  perform  this  task  a  radio  direction  finder  shall  be  used, 
capable  of  operating  overa  wide  frequency  band,  with  any 
type  of  modulation  and  polarization,  over  full  360°  in  azi¬ 
muth  and  90°  in  elevation,  giving  accurate  and  reliable 
bearing  even  with  low  signal/noise  ratio  and  short  tran¬ 
smission  period .  This,  of  course,  would  be  the  ideal  direc¬ 
tion  finder;  a  practical  one  will  be  a  compromise  among 
the  abovesaid  ideal  requirements. 

In  Italy  the  Civil  Authority  designated  for  the  control  of 
the  electro,  agnetic  spectrum  is  the  Ministry  of  Post  and 
Telecommunication. 

This  control  is  presently  performed  with  fixed  installa¬ 
tions  and  with  mobile  ground  installations,  the  last  used  to 
survey  the  spectrum  from  several  different  positions  and 
using  direction  finder  equipment  installed  inside  a  van. 
To  increase  the  response  time  of  the  mobile  installation, 
which  is  particularly  cntical  when  the  duration  ofthe  inter¬ 
ference  is  short,  and  to  increase  the  radio  honzon  beyond 
the  line  of  sight  of  a  ground  installation,  Alenia,  under  the 
sponsorship  of  Italian  Ministry  of  Post  and  Telecommuni¬ 
cation,  undertook  the  studies,  developments,  installation 
and  tests  of  a  Direction  Finder  in  the  band  from  20  to  1000 
MHz  on  board  of  an  airborne  platform. 

The  main  purpose  of  this  experimental  installation  and  of 
the  subsequent  tests  was  not  really  an  e  valuation  of  the  Di¬ 
rection  Finder  but  a  technical  and  opetahonal  evaluation 
ot  the  whole  system  to  gain  an  understanding  of  the  pro¬ 
blems  connected  with  the  airborne  operation  of  a  Radio 
Locauon  System  and  to  verify  its  suitability  for  a  rapid  lo¬ 
cation  and  identification  of  interference  sources. 

3.  AIRBORNE  RADIO  LOCATION  SYSTEM 

The  airborne  installation  is  composed  of  two  main  ele¬ 
ments: 

-  the  Airborne  Radio  Location  System 

-  the  Aircraft  Platform 

They  are  presented  in  details  in  the  following  points. 

3.1.  Airborne  Radio  Location  System 

The  implementation  used  on  the  Alenia  solution  for  the 
Airborne  Radio  Location  System  is  formed  by  three  rr  in 
elements  (Figure  1): 

-  the  Direction  Finder  receiver 

-  the  Aircraft  Positioning  System 

-  the  Processing  System 


The  antenna  is  the  key  element  of  any  Direction  Finder. 
Because  no  antenna  has  a  truly  isotropic  radiation  pattern, 
any  antenna  has  directional  properties  which  can,  in  prin¬ 
ciple,  be  exploited  as  a  direction  finder. 

In  practice,  however,  there  are  some  configurations  and 
some  techniques  that  are  more  suitable  than  others  frr  di¬ 
rection  finding  purposes;  to  name  just  a  few  (the  detailed 
explanation  of  which  can  be  found  in  the  text  books)  we 
can  mention  the  simple  vertical  loop,  the  crossed  loop,  the 
Adcock,  the  inteipberometer  technique,  the  Doppler,  the 
phase  comparison  technique. 

The  Doppleris  the  technique  utilized  onRobde  &  Schwarz 
PA-555,  which  was  the  Flection  Finder  used  for  Alenia 
experimental  installation.  A  simplified  block  diagram  is 
shown  m  Figure  2. 

The  receiving  antenna  is  formed  by  a  set  of  16  vertical  di¬ 
poles  located  on  a  circular  pattern  and  electronically  con¬ 
trolled  in  order  to  simulate  two  simultaneous  clockwise 
and  counterclockwise  mechanical  rotations.  As  a  result, 
the  simulated  rotation  of  the  dipoles  within  the  electroma- 
gnehc  field  generates,  due  to  Doppler  effect,  a  sinusoidal 
variation  of  received  frequency,  increasing  when  the  recei¬ 
ving  antenna  moves  toward  the  incident  wave  and  decrea¬ 
sing  when  it  moves  away. 

The  azimuth  angleofthe  transmitter  is  obtained  by  compa¬ 
rison  of  the  phase  of  the  modulated  signal  with  the  phase 
of  the  signal  that  drives  the  antenna  rotation. 

The  Doppler  Direction  Finder  is  particularly  suitable  for 
mobile  applications  because  any  Doppler  effect  produced 
by  the  speed  of  the  vehicle  where  the  antenna  is  mounted 
is  automatically  compensated. 

There  axe  three  bearing  outputs  from  the  processing  sec¬ 
tion  of  the  Direction  Finder 


-  a  digital  output  for  a  three  digits  indicator 

-  a  digital  output  (IEEE  488  or  RS  232)  for  connection  to 
a  data  processing  system 

-  an  analog  output  for  a  CRT  display;  the  analog  presenta¬ 
tion  gives  to  the  operator  an  indication  of  signal  quality 
and  an  estimate  of  bearing  accuracy. 

The  main  cbaractenstics  of  the  PA-555  Direction  Finder 
are  the  followings: 

-  Frequency  Range  o  20- 1000  MHz 

-Tuning  :  *  continuous  with  a  knob 

♦  discrete  with  a  keyboard 

*  automate  with  external 
computer 

±1x10-* 


-  Frequency  accuracy  : 

-  Minimum  signal 
duration  to  enable  D.F. : 

-  D.F.  Accuracy  ■: 


>  10  ms 

+/-  2°  with  the  follo¬ 
wing  minimum  field 
strengbr. 


*  10  pV/m  @  20  MHz 

*  3  |iV/m  @  30  -  300  MHz 

*  5pV/m@300-1000MHz 
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Two  different  DF  Antennas  were  used,  covering  respecti¬ 
vely  the  frequecy  sub-bands  20  to  530  MHz  and  500  to 
1000  MHz. 

3.1. 2.  Aircraft  Positioning  System 

In  order  to  establish  the  zone  from  where  the  R.F.  signal  is 
coming  and,  through  triangulation  from  different  subse¬ 
quent  positions,  the  location  from  where  it  is  emitted,  the 
bearings  from  Direction  Finder  must  be  correlated  with  die 
aircraft  latitude,  longitude  and  beading  information. 

To  this  purpose  in  the  experimental  installanon  a  Loran-C 
receiver  and  a  Gyroscopic  magnetic  compass  was  used. 
The  accuracy  of  the  position  in  geographic  coordinates 
was  in  the  order  of 400  meters  and  the  accuracy  of  magne¬ 
tic  heading  in  the  order  of  1°;  these  accuracies  were  consi¬ 
dered  sufficient  for  the  initial  operational  assesment.  The 
LORAN-C  receiver  caused  many  problems  as  in  certain 
areas  of  the  Country  the  coverage  by  Mediterraneal  Cl  iain 
was  marginal  and  the  position  data  were  often  affected  by 
unacceptable  errors.  A  higher  order  of  accuracy  could  be 
obtained,  if  required,  using  a  GPS  and  an  inertial  navi  gator 
which  imply,  of  course,  an  associated  higher  system  cost. 

3.13.  Processing  System 

With  aircraft  latitude,  longitude  and  magnetic  heading 
available  at  the  nme  when  the  bearing  of  the  emitting  sour¬ 
ce  is  taken  from  a  minimum  of  two  different  points,  suffi¬ 
ciently  spaced  apart,  a  simple  trigonometric  udculauon 
can  allow  to  identify  the  zone  where  the  source  is  located 
(see  Figure  3). 

The  uncertainty  on  the  location  of  source  is  a  function  of 
the  quantity  of  different  bearings  taken  and  of  the  errors  on 
the  data:  for  example,  a  2°  bearing  error  corresponds  to 
700  meters  of  across  error  in  the  posmon  at  a  distance  of 
20  kilometers. 

Clearly  the  accuracy  is  increased  as  more  beatings  are  ta¬ 
ken  and  when  the  different  bearings  are  spaced  between 
60°  and  120°  apart. 

For  the  expenmental  installation  the  calculations  were 
performed  at  ground,  either  mathematically  and  graphi¬ 
cally  on  a  geographic  map  of  ine  zone. 

Adata  acquisition  equipment  was  used  which  for  every  fix 
has  stored  and  printed  the  following  parameters: 

-time 

-  frequency 

-  latitude 

-  longitude 

-  magnetic  heading 
-bearing 

An  sample  of  the  printout  is  shown  in  Figure  4. 

3.2.  Aircraft 

For  the  experimental  installation  an  Alenia  Panenavia 
P-68C-TC,  two  propellers,  light  aircraft  was  used 
(Figure  5). 

The  most  significant  characteristics  for  the  specific  mis¬ 
sion  are: 


-  Maximum  Take  Off  Weight  1990  Kg 

-  Maximum  Payload  690  Kg 

-  Cruising  speed  240  KmA 

-  Stall  speed  140  Km/h 

-  Service  ceiling  7000  m 


The  modification  introduced  on  the  basic  aircraft  to  acco¬ 
modate  the  Radio  Location  System  were: 

-  Installation  of  a  radome  on  die  upper  part  of  the  aircraft 
center  fuselage  at  a  distance  of  about  30  centimeters  from 
the  metallic  skin;  the  Direction  Finder  antenna  is  located 
inside  the  radome 

-  Installation  of  a  Loran-C  antenna  on  the  upper  part  of  the 
fuselage 

-  Installation  in  the  passenger  cabin  of  the  following 
equipment: 

*  Direction  Finder  Antenna  Scanning  Unit 

*  Direction  Finder  Junction  Box 

*  Direction  Finder  Receiver  and  D.F.Umt 

*  Loran-C  Receiver  Unit 

*  Data  Acquisition  Unit 

*  I  merface  Unit  (to  convert  the  analog  output  of  gyrocom¬ 
pass  to  digital  format  of  Data  Acquisition  Unit) 

Figure  6  and  Figure  7  show  the  details  of  the  installation 
on  the  aircraft. 

4.  TEST  RESULTS 

The  tests  of  the  Airborne  Radio  Location  System  have  be¬ 
en  divided  in  three  different  series: 

-  ground  tests 

-  airborne  tests 

-  airborne  Radio  Location  tests 

The  frequencies  used  for  tests  were  selected  in  order  to 
avoid  interference:  a  transmitter  at  known  location  with 
the  capability  to  vary  the  frequency  was  used,  instead  of 
Radio  and  TV  broadcast  station. 

4.1.  Ground  tests 

A  series  of  tests  were  earned  out  at  ground  with  engine 
running  to  give  a  first  assessment  of  DF  behaviour. 
During  these  tests,  conducted  over  full  frequeny  range 
from  20  to  1000  MHz  and  for  complete  360"  of  azimuth, 
the  average  errors  were  contained  whithin  few  degrees, 
even  if  for  certain  frequency  below  100  MHz  some  points 
were  in  e-ror  on  the  order  of  about  10°. 

4.2.  Airborne  tests 

A  first  series  of  tests  was  carried  out  its  order  to  establish 
the  Direction  Finder  accuracy  in  operational  conditions 
and  at  different  frequencies  over  the  full  frequency  range. 
The  lesults  are  reported  in  table  1. 

The  errors  were  determined  by  the  difference  between  the 
magneticbeanng,  Bmg,  defined  as  the  angle  between  Ma¬ 
gnetic  North  and  the  source  measured  clockwise  from  the 
receiver  location,  and  the  measured  bearing,  Bine,  at  va¬ 
rious  aircraft  headings  (Figure  8). 

All  measurements  reported  on  table  1  were  made  at  a  di- 


26-4 


stance  of  about  50  km  and  at  two  different  heights  of 2500 
and  5000  feet. 

The  aircraft  headings  were  selected  in  accordance  with 
paths  permitted  by  Air  Traffic  Control  authority. 

A  second  series  of  tests  was  performed  at  different  distan¬ 
ce  from  the  source;  the  maximum  bearing  errors  are  sum¬ 
marized  in  table  2. 

Even  if  the  errors  found  were  larger  than  the  results  of  la¬ 
boratory  tests  in  controlled  conditions,  they  are  however 
still  suitable  for  the  intended  application. 

An  analisys  of  flight  tests  shows  that: 

-  in  proximity  of  the  source  the  bearing  indication  change 
rapidly,  probably  due  to  diffractions  produced  by  the  air¬ 
craft  metallic  surfaces 

-  the  bearings  taken  with  source  aligned  with  aircraft 
wings  and  tail  are  affected  by  the  largest  errors 

43.  Emitter  location  tests 

The  main  purpose  of  the  evaluation  of  the  system  was  to 
verify  its  capability  to  locate  the  emitting  source. 

To  this  purpose  several  flight  tests  were  conducted  using 
two  different  flight  techniques: 

-  homing,  where  it  is  sufficient  to  m  amain  the  aircraft  hea¬ 
ding  aligned  with  the  beating  until  the  bearing  indication 
reverts  to  180°,  indicating  the  overflow  of  the  source;  this 
is  the  simplest  and  quickest  method,  but  has  some  draw¬ 
backs,  specially  in  presence  of  cross  wind  which  forces  to 
fly  a  logaritmic  spiral  path  instead  of  a  straight  one 

-  triangulation,  where  the  bearing  of  the  source  is  taken 
from  different  positions,  possibly  separated  in  such  a  way 
to  give  bearings  spaced  between  60°  and  120° 


With  the  first  technique  all  the  sources  used  for  tests  were 
clearly  identified,  the  only  problem  beeing  the  necessity  to 
fly  at  low  altitude  to  reduce  the  lenght  of  confusion  cone 
over  the  source. 

With  the  second  technique  the  bearing  data  were  plotted  at 
ground;  a  sample  of  these  plotting  is  shown  in  Figure  9. 
The  bearings,  taken  at  a  distance  from  6  to  10km,  gave  the 
position  of  the  source  with  an  uncertainty  in  the  order  of 
100  meters. 

5.  CONCLUSIONS 

An  airborne  radio  location  and  monitoring  system  offers 
large  possibilities  for  efficient  and  quick  location  of  radio 
interference  sources  and  for  inspection  of  radio  frequency 
spectrum. 

Free  hne-of-sigbt  and  possibility  to  perform  direction  fin¬ 
ding  measurements  from  far  places  in  a  limited  time  shows 
that  an  airborne  station  can  be  efficiently  integrated  with 
ground  fixed  or  mobile  stations. 

The  experience  made  is  considered  positive  and  the  possi¬ 
bility  to  carry  out  spectrum  surveillance  and  to  locate  the 
emission  sources  over  large  areas  in  a  very  short  time  is  not 
comparable  with  the  capabilities  of  ground  means  used  so 
far. 

Geographical  obstacles  and  difiiculues  in  large  urban 
areas  due  to  reflections,  usually  encountered  by  ground 
means,  are  not  present  with  an  aircraft. 

The  use  of  an  aircraft  is  also  precious  for  rapid  location  of 
sources  interfemng  with  aeronautical  communication  and 
radionaviganon  services,  not  always  possible  with  a 
ground  mobile  station  which  is  limited  to  two  dimensions 
only. 


Figure  1  AIRBORNE  RADIO  LOCATION  SYSTEM  -  BLOCK  DIAGRAM 


Figure  3  EMITTER  SOURCE  IDENTIFICATION 
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Figure  4  SAMPLE  OF  THE  PRINT-OUT 
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True  position 


*  =  Aicroft  Magnetic  Heading 

Bmg  =  Magnetic  Bearing 

Bme  =  Measured  Bearing 

€  =  Error 


Figure  8  DETERMINATION  OF  ERRORS 
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Figure  9  BEARINGS  PLOTTING 
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FREQ. 

AIRCRAFT  BEARING 

aircraft 

FREQ. 

AIRCRAFT  BEARING 

HEADING 

ERROR 

HEIGHT 

HEADING 

ERROR 

(MHz) 

(deg) 

(deg) 

(feet) 

(MHz) 

(deg) 

(deg) 

28,5 

0 

25 

0 

+5 

5000 

132 

0 

30 

90 

0 

-1 

4-8 

90 

+1 

115 

+3 
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0 
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-4 
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25 
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90 

-3 
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+2 
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4-1 
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-3 
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+1 
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0 
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0 
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4-3 
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-1 
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+5 
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25 

+5 
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0 

+3 
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+2 

30 

+3 
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90 
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+3 
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-3 

600 

25 

-3 

180 

-6 

115 

+1 

205 

+2 
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+5 

270 

+5 

295 

45 

295 

+7 

900 

115 

42 

295 

0 

TABLE  1 


FREQ. 

DISTANCE 

MAXIMUM  BEARING 

ERROR 

(MHz) 

Km) 

(deg) 

525 

20 

-5 

615 

160 

47 

733 

10 

48 
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80 

-4 

837 

50 

47 

AIRCRAFT 

HEIGHT 

(f«t) 

5000 


2500 


5000 


2500 


2500 


TABLE  2 
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DISCUSSION 


Y.TANIK 

A  simulated  rotating  antenna  is  used  for  direction  finding,  based  on  Doppler  shift.  This  method  has  the  disadvantage  of  being 
sensitive  to  modulation  and  multipath.  Why  did  you  prefer  this  method? 

AUTHOR’S  REPLY 

The  Doppler  effect  produced  by  two  different  patterns  rotating  in  opposite  directions  was  preferred  being  more  suitable  for  mobile 
application,  particularly  when  the  speed  is  high  as  in  an  aircraft,  because  Doppler  effect  caused  by  vehicle  speed  is  automatically 
compensated. 

J.  BENGER 

Did  you  consider  calibrating  your  DF-system  as  it  is  very  sensitive  to  reflections  from  the  platform? 

AUTHOR’S  REPLY 

The  tests  conducted  so  far  were  principally  aimed  to  verify  the  operational  implications  more  than  the  DF  accuracy  of  the  system. 
The  possibility  to  incorporate  in  the  processing  unit  a  calibration  curve  for  each  frequency  is  presently  under  evaluation. 
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LOCALIZATION  SYSTEM  BASED  ON  DATA  MERGING  OF  IMAGES  AND  INERTIA. 
J.Y.  Cartoux,  G.  Sella,  L.  Agranier,  T.  Pfchoux  and  G.  Grenier. 

Aerospatiale  Missiles, 

DE/ETRI 

1  Rue  Pablo  Picasso, 

78114  Magny-Les-Hameaux,  France. 


Summary 

The  accuracy  which  is  now  required  in  the  target  approach  of 
the  modem  missiles,  requires  the  use  of  several  sensors. 
Inertial  systems,  GPS  when  available,  and  imaging  sensors 
are  combined  to  improved  the  overall  accuracy  by  the  mean 
of  filtering  and  data  merging  technics.  Severall  tasks  can  be 
realized  by  the  imaging  system:  targets  detection  and 
identification,  missile  position  and  motion  estimation 
The  resulting  informations  will  be  used  as  command 
parameters  under  certain  conditions  of  robustness  and 
accuracy.  Our  goal  is  not  only  to  compute  these  parameters 
but  to  specify  their  domain  of  usability.  Our  approach  is 
based  on  the  development  of  a  global  simulator.  The 
models  of  the  inertial  systems,  the  informations  computed 
by  the  imaging  sensors  are  combined  in  a  global  Kalman 
filter  scheme.  The  goal  is  to  provide  the  user  with  the 
ability  of  studying  the  sensibility  of  the  vision  algorithms 
to  some  system  parameters  and  external  conditions  in  order 
to  get  the  best  overall  accuracy. 

In  the  first  part  of  this  paper,  we  present  the  Kalman  filter 
scheme  and  the  issues  involved.  In  the  second  chapter,  the 
data  that  can  be  obtained  from  imaging  technics  and  the 
associated  treatments  are  presented.  We  specify  what  are  the 
constraints  and  the  conditions  under  which  these  data  can 
be  obtained  and  study  their  sensibility  to  some  system 
parameters. 


1.  Simulation  scheme 

Our  interest  is  in  the  development  of  vision  process  which 
will  be  coupled  to  data  coming  from  other  different  sensors 
in  order  to  localize  the  vehicle  or  the  objects  seen  by  the 
tmagmg  sensor  with  a  better  accuracy.  The  experimental 
conditions,  the  mission  charcteristics,  the  performances 
on  an  accuracy  point  of  view,  all  of  this  will  generate 
constraints  on  the  choice  of  the  sensors  and  on  the  vision 
algorithms.  The  purpose  of  the  simulator  we  are  working 
on,  is  to  give  to  the  user  a  global  analysis  tool  for 
parametric  studies  in  a  development  stage  and  for 
algorithms  comparison  and  validation. 

The  simulation  scheme  is  based  on  the  Kalman  filler 
concept.  The  filter  seen  as  a  merging  filter  has  to  estimate 
the  parameters  needed  by  the  navigation  process,  by  the 
guidance  process  or  the  target  detection  process.  This 
implies  to  built  the  vehicle  state  and  the  relative  target- 
missile  state  from  all  the  informations  coming  from  all  the 
available  sensors. 

For  the  navigation  problem,  the  vehicle  state  is  defined  by 
the  motion  of  the  vehicle  mass  center  and  Euler  angles 
between  the  inertia!  reference  frame  and  the  vehicle 


reference  frame,  and  their  derivatives.  The  guidance 
operation  implies  the  knowledge  of  the  relative  motion 
between  the  vehicle  and  the  targets.  Furthermore,  the 
quantities  involved  are  different  according  to  the  chosen 
guidance  law. 

The  classical  optimal  approach  involves  a  Kalman  filter 
which  is  based  on  a  modelling  approach: 

-  a  modelling  of  the  state  evolution  which  in  this  case 
corresponds  to  the  vehicle  aerodynamic  equations  and  to 
the  kinematic  behavior  of  a  ponctual  target  in  the  guidance 
case; 

-  a  modelling  of  the  way  by  which  the  sensors 
measurements  arc  linked  to  the  state. 

The  mathematical  formalism  of  the  Kalman  filter  provides  a 
theoretical  optimality  in  the  case  of  linear  systems  driven 
by  Gaussian  noises  of  null  average  and  described  by  their 
covariance  matrix.  In  fact,  the  real  performances  are 
strongly  dependent  on  the  modelling  assumptions  in  the 
sense  that  the  adequacy  of  the  models  to  the  real  behaviors 
will  induce  the  filter  performance.  Building  such  models 
implies  a  complete  knowledge  about  the  slate  evolution, 
the  input  forcing  functions  and  the  noise  statistics  but  leads 
to  very  complex  models  which  can  be  unusable  in  real-time 
application*  with  computer  constraints.  The  solution  is 
then  to  form  simplified  models.  The  development  of  a 
simulation  tool  will  allow  to  examine  the  validity  of  the 
simplified  models. 

The  structure  of  the  global  Kalman  filter  whose  formalism 
can  be  found  in  [Bar89],  is  presented  figure  one  next  page. 
The  building  of  the  state  vector  is  made  during  the 
initialization  stage  (figure  2)  according  to  the  available 
sensors.  The  state  vector  is  defined  by  combination  of 
elementary  state  vectors  The  state,  observation  and 
covariance  matrices  are  also  built  during  this  stage. 

The  sensors,  when  they  are  available,  provide  their 
measurements  to  the  update  part  of  the  filter.  Among  them, 
the  imaging  system  can  provide  several  informations 
usable  at  different  levels  and  for  different  tasks.  Three 
different  tasks  can  be  realized:  motion  computation,  scene 
structure  reconstruction  and  target  detection  and 
localization.  We  will  see  in  the  next  chapter  what  are  the 
issues  involved  in  these  processes. 

The  control  module  is  in  charge  of  controling  the  filter 
accuracy  through  the  evolution  of  the  covariance  matrix. 
This  matrix  is  a  good  description  of  the  errors  only  if  the 
models  arc  good  enough.  If  not,  a  high  covariance  will 
show  the  divergence  of  the  filter,  but  the  covariance  can 
become  very  small.  In  that  case,  the  gain  is  too  small  too, 
the  filter  considers  that  the  estimation  is  correct  and  does 
not  take  into  account  much  of  the  data.  This  can  lead  to  the 
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situation  where  the  estimates  do  not  correspond  to  the  r  '.tl 
behavior  even  if  the  covariance  matrix  is  very  small.  This 
can  be  avoided  by  controlling  the  parameters  and  the 
models.  Different  technics  are  available  to  deal  with  non 
stationary  models: 

-  non  modelized  perturbations  can  be  introduced  in 
noise  terms:  noise  state  and  observation  noise  covariances 
are  estimated  on  line  from  state  update  and  innovation 
sequence  (Mog89J; 


-  impulsive  perturbations  can  also  be  taken  into 
account  as  inputs  in  the  state  equation  whose  unknown 
amplitL  \  and  time  origine  arc  estimated  on  line  from 
innovaiu  *qucnce  according  to  a  generalized  likelihood 
CTiteriun  Bas86J; 

rturbations  can  be  considered  as  modifications  of 
some  i  ,  ameters  in  the  model  which  can  also  be  adaptively 
estima  d  (Bar89J. 


Figure  1. 
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INITIALIZATION  OF  MOOELS  ANO  STATE  VECTORS 


-1-  MODEL  CHOICE 

•  ReMrx.ce  Model 

•  Simplified  Model 

•2-  CHOICE  Of  AVAILABLE  CENSORS 

•  AMfcide 

•OPS 

•  Inertial  »ye*ani 

•  Imaging  eyetem 

•3*  NAVIGATION  STATE  VECTOR  ANO  ASSOCIATED 
COVARIANCE  MATRIX 

•  PoelUon 
-  Attitude 

•  VModty 

-4- TARGET  STATE  V EC. OR 

•  Dleperkiee 
V  •  Pletancee 
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Figure  2. 
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2.  Image  algorithms  and  data 

24  Mglifln, 

Computing  motion  and  structure  from  motion  is  a  quite 
similar  problem,  the  quantities  and  the  methods  involved  in 
each  process  being  quite  identical.  In  both  cases,  the  basic 
idea  is  to  match  characteristic  points  between  images  in 
order  to  compute  either  the  motion  of  these  points  either, 
knowing  the  motion,  their  3D  position.  Theses  approaches 
are  discret  approaches  in  the  sense  that  the  computation  is 
made  at  regular  time  samples.  They  all  made  two  basic 
assumptions:  the  environment  is  static  and  rigid,  the 
observed  terrain  is  flat.  Three  different  types  of 
approaches  are  mainly  described  in  the  litterature:  the 
technics  based  on  the  optical  flow  or  velocity  field 
computation,  the  technics  involving  the  essential 
parameters  computation  based  on  the  epipolar  constraint, 
and  the  technics  based  on  the  Focus  of  Expansion 
computation. 

In  the  optical  flow  computation  based  approach 
([Zin86],[Hag],[Ver89]),  the  estimation  of  the  spatio- 
temporal  derivatives  of  the  intensity  function  kids  to  the 
velocity  parameters  estimation.  The  optical  flow 
determination  is  not  a  simple  problem  and  is  generally 
quite  expensive  in  terms  of  computer  power. 

The  second  approach  is  based  on  the  compulation  of  a 
particular  point:  the  Focus  of  Expansion 
([Rob91],[Bha89]),  which  is  the  intersection  of  the 
velocity  vector  with  the  image  plane.  The  knowledge  of 
this  point  leads  to  the  determination  of  the  motion 
parameters.  The  problem  is  that  if  the  computation  of  this 
point  for  a  translational  motion  is  quite  easy,  the 
computation  is  not  obvious  for  a  translational  and 
rotational  motion  and  no  methods  have  proved  to  be 
efficient. 

The  third  approach  is  based  on  a  simple  equation 
which  relies  two  points  in  the  camera  coordinate  system  at 
the  two  instants  through  the  essential  parameters  matrix  as 
they  were  called  by  Tsai  [Tsa84J.  This  constraint  simply 
express  the  fact  that  the  two  points,  their  projection  in  the 
image  plane  and  the  optical  center  positions  are  in  the  same 
plane,  the  epipolar  plane.  Several  technics  ((Mai90))  have 
been  used  to  minimize  this  constraint  through  a  set  of 
matched  points.  Generally,  an  inertial  system  is  available 
onboard  and  can  give  a  first  estimation  to  the  motion 
parameters:  translation  vector  and  rotation  angles.  This  is 
one  of  the  reasons  for  which  we  have  chosen  to  iteratively 
estimate  through  a  Kalman  filter  concept  these  parameters 
Given  the  nature  of  the  constraint,  the  quality  of  the 
estimate  is  strongly  dependent  of  the  stereoscopic  basis. 
The  accuracy  will  be  acceptable  when  the  displacement 
between  the  two  images  will  be  sufficient.  The  inertial 
sensors  having  a  slow  drift,  the  estimated  values  will  then 
be  used  to  correct  the  inertial  system  parameters  or  as  input 
to  the  3D  structure  computation  algorithm  presented  below. 
One  of  the  main  issues  for  the  validation  of  the  process  is 
to  quantify  the  quality  of  the  results  in  terms  of  the 
minimum  number  of  points  which  is  necessary  and  the 
sensibility  to  the  terrain  unflatncss 


1.1  Scene  Structure  Reconstruction. 

The  goal  of  the  reconstructior  process  is  to  estimate  the 
position  of  ground  points  in  me  camera  reference  system. 
The  knowledge  of  these  informations  allows  either  to 
compute  a  navigation  information  if  the  positions  of  the 
points  in  a  geographic  reference  system  is  known,  either  to 
help  the  target  detection  and  localization  process,  either  to 
guide  the  missile  towards  the  target.  Among  the  methods 
available  in  the  liuerature,  we  choose  a  Kalman  filter  based 
one  [Jez90].  The  points  positions  are  estimated  along  time 
by  the  filter.  The  motion  is  supposed  given  with  a 
covariance  matrix  associated  and  can  either  result  from  the 
other  sensors  or  be  computed  by  the  method  described 
above.  The  observation  equation  links  the  points 
coordinates  in  the  3D  space  to  the  image  coordinates 
through  perspective  projection  according  to  a  classical  pin¬ 
hole  camera  model.  This  equation  is  not  linear  and  is 
linearized  around  the  state  estimate.  The  initial  value  of  the 
state  vector  is  computed  from  the  informations  given  by 
the  other  sensors.  The  accuracy  of  these  sensors  allows  the 
initialization  of  the  covariance  matrix. 

At  the  current  state  of  our  studies,  the  goal  is  to  measure  the 
influence  of  some  parameters  on  the  accuracy  of  the 
estimation.  The  input  of  the  algorithm  is  a  sequence  of 
matched  points  which  are  artificially  generated  data,  the 
parameters  being  chosen  for  each  test  by  the  user.  The 
points  we  arc  working  on  are: 

-  the  compromise  between  the  sampling  time  and  the 
distance  observability 

■  the  influence  of  the  precision  of  some  system 
parameters  like  motion  and  velocity  on  the  final 
estimations. 

2.3  Targets  detection 

A  target  detection  process  is  based  on  two  steps  which  are 
extraction  and  filtering.  The  goal  of  the  extraction  process 
is  to  extract  of  the  images,  points  or  regions  which  are 
supposed  to  belong  to  targets  The  criteria  generally 
involved  physical  characteristics  which  are  seen  by  the 
image  sensor  as  specific  gray  level  values  like  hot  points 
for  infra  red  sensors  or  polyhedra  for  radar  sensors  which 
both  lead  to  high  gray  level  values  in  the  image.  Due  to  the 
image  formation  process,  noise  is  generated  which  produce 
false  alarms  in  the  detected  targets  list.  The  second  stage 
consists  then  in  filtering  this  list  according  to  criteria 
specific  of  the  targets  like  position,  size,  temperature  even 
the  ground  repartion  for  targets  formations.  The  knowledge 
on  the  observed  scene  of  a  distance  informa’ion  combinea 
to  these  characteristics,  will  increase  the  selectivity  of  the 
filter.  For  an  image  sensor  onboard  of  an  air  vehicle  and 
looking  toward  the  ground,  this  distance  information  is 
theoretically  given  by  the  ratio  of  the  altitude  of  the 
vehicle  by  the  tangent  of  the  sensor  inclinaison  angle. 
These  two  parameters  are  known  with  a  poor  accuracy  which 
makes  the  straightforward  application  of  this  simple 
formulae  impossible,  the  targets  filtering  criteria  becoming 
then  unreliable. 

The  reliability  of  the  filtering  stage  can  be  improved  by  the 
3D  reconstruction  process  described  above.  The  tracking 
over  time  of  the  alarms  and  their  position  estimation  by  the 
Kalman  filter  provides  a  better  accuracy  for  the  distance 
estimation. 
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3.  Conclusion 

A  simulation  scheme  for  the  localization  of  an  air  vehicle 
by  combining  inertial  and  imaging  sensors  has  been 
presented.  The  simulator  is  based  on  a  Kalman  filter 
concept  involving  elementary  state,  observation  and 
covariances  corresponding  to  each  sensor  model  and 
measurements  set.  Among  'hese  sensors,  the  imaging 
system  can  provide  through  different  algorithms  involving 
a  Kalman  filter,  useful  data  for  navigation,  targets  detecuon 
and  guidance.  The  purpose  of  the  simulator  is  to  provide 
the  user  with  a  global  analysis  tool  allowing  the  validation 
and  the  comparison  of  vision  algorithms  and  parameters 
adjustement  according  to  a  predefined  experimental 
environment  including  the  mission  type  and  the  available 
sensors. 
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DISCUSSION 


E.  SCHWEICHER 

1.  Votre  systime  est-il  sp/cifique  pour  les  inhales  inertielles  &  composants  hds  (strapdown)  ou  peut-il  etre  utilise  pour  tous 
les  types  de  cenirales  inertielles? 

2.  Avez-vous  utilise  les  fractals  pour  la  citation  de  vos  images  synlMtiques? 

1.  Is  your  system  specific  to  inertial  reference  units  with  strapdown  components  or  can  it  be  used  for  all  types  of  inertial 
units’ 

2  Have  you  used  fractals  for  creation  of  you  synthetic  images? 

AUTHOR’S  REPLY 

1.  Actuellement,  !e  systime  est  sp&dique  des  centrales  1  composants  life. 

2.  Non. 

1.  At  present  the  system  is  specific  to  strapdown  type  inettial  reference  units. 

2.  No. 

G.  HAGN 

You  mentioned  image  stabilization.  Vehicles,  such  as  helicopters  hovering  near  the  ground  or  land  vehicles  traversing  irregular 
terrain,  can  cause  relatively  large  amounts  of  platform  motion.  For  how  much  motion  can  you  sti"  achieve  image  stabiltzauon? 

AUTHOR’S  REPLY 

The  electronic  stabilization  system  is  a  complement  to  a  mechanical  system.  Therefore,  it  will  correct  for  small  angles  and  small 
amounts  of  vibration.  This  provides  for  very  sensitive  stabilization. 
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THEORIE  FRACTALE  DES  GRANDS  RESEAUX 
D’ANTENNES  LACUN  AIRES 

FRACTAL  THEORY  FOR  LARGE  LACUNAR  ANTENNA  ARRAYS 


C.  GOUTELARD 
LETT1 

Universite  Paris-Sud 
Batiment  214 
91405  Orsay  Cedex 
France 


I.  -  INTRODUCTION  - 

La  complexity  des  rfaeaux  est  directement  liec  au 
nombre  d'a^nens  qui  les  composent. 

Les  lois  de  rayonnement  en  champ  lointain  sont 
bien  connues  et  se  deduiscnt  de  !a  loi  d’dlumination 
de  l'antenne.  Le  souci  du  concepteur  est,  en 
permanence,  de  determiner  pour  un  nombre  d'a^riens 
dispombles,  leur  repartition  spatiale  qui  assure  la  loi 
de  rayonnement  la  plus  avantageuse.  L'orientation 
eiectromque  du  lobe  d'antenne  et  le  fonctionnement 
en  large  bande  rendent  le  problfeme  plus  complexe.  Le 
sochait  d'obtenir  un  lobe  de  rayonnement  principal 
dtroit  et  de  limiter  l'amplitude  des  lobes  secondaires 
rst  toujours  contradictoire. 

Les  structures  rygulifcres  utilisdes  fixent  les 
caracteristiques  des  diagrammes  de  rayonnement  dans 
lesquels  les  variations  qui  obdissent  1  des  lois  connues 
sont  peu  favorables  It  l'optimisation  des  diagrammes. 

Des  structures  aldatoires  peuvent  etre  utilisdes,  mais 
les  tdsulcats  corrects  ne  son:  obtenus  qu'affbs  des 
tentatives  multiples,  sans  qu’il  soit  possible  d'assurer 
que  la  solution  retenue  soit  la  meilleure. 

Les  structures  fractal es  donnent  des  rdsultats  dont 
on  sail  determiner,  it  priori,  les  caractiiistiques. 
Certaines  structures  se  pretent  particulibrrment  bien  It 
la  confection  d'antennes  et  pennettent  d'ajuster  au 
miaux  la  finesse  du  lobe  principal  et  les  remont6es  des 
lobes  secondaires. 

Des  motifs  fractals  particulars  permettent  de  rfgler 
les  problbmes  des  rdseaux  dans  des  espaces  It  1,  2,  ou 
3  dimensions.  Les  structures  frac tales  peuvent  etre 
obtenues  par  des  processus  d&erministes  mais  aussi 
par  1'introduction  de  fluctuations  aldatoires  autour  du 
module  dyterministe,  qui  donnent  des  structures 
frac  tales  pseudo-aliatoires  ou  des  modules  constants 


par  des  processus  totalemeiit  aldatoires  qui  donnent 
des  modules  fractals  aleatoires. 

II.  -  GENERAMTES  - 

II.  1.  Rappels  sur  les  lois  de  rayonnement  it 
I'infini. 

Bien  que  la  theorie  developp&  ici  soit  applicable 
dans  un  espace  de  dimension  3,  on  se  limitera  dans  cet 
expose  &  un  espace  de  dimension  2. 

Si  on  considfcre  une  antenne  dans  l'espace  it  deux 
dimensions  defini  par  les  deux  axes  ox,  oy  (figure  1) 
et  une  surface  elementaire  dxdy  pour  laquelle  la  loi 
d'illuminalion  est  Jonnde  par 

I(x,y)  =  a(x,y)  e JM>‘  +  4>(x,y)]  (1) 

le  champ  produit  en  un  point  M  situd  h  une  distance 
yioignde  de  1’emetteur  et  report  par  ses  coordonndes 
sphyriques  R,  4>,  0,  est  donny  par  :■ 

E(0,$,r)  =  f(r)  // 

a(x  ,y)  e  9l  2x  (ux + vy)  +  4(x,y)  ]  ux  dy  (2) 

oil  u  =  as  Qso.dt’. 

et  v  =  as  Q  sin  4> 

sont  les  frequences  sp  -dales. 

On  impose  un  rayonnement  maximum  dans  une 
direction  0o,  io,  par  le  choix  de  4(x,y)  et  le  champ 
rayonny  s'exprimc  par 

r  r  ^ 

E(0,4>,r)  =  f(r)  J  J  a(x,y)  c  -j2x(Au  x+Avy)  dx  dy 

oh  Au  =  v  -  uo  et  A  v  —  v  -  vo 
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avec  uo  =  sinQo  cos$o  vo  _  sin8o  sin4>o 

X  X 

Ce  rdsultat  connu  exprime  que  le  champ  lointain  est 
lie  &  la  transform^  de  Fourier  de  la  loi 
d'illumination. 

On  definit  le  gain  d'antenne  G  par  le  rapport  - 
gdndralement  exprimd  en  dB  -  de  la  densitd  de 
puissance  rayonnde  dans  un  angle  solide  dldmentaire 
dO  a  celle  qui  serait  rayonnde  par  une  antenne 
isotrope  qui  produirait  en  M  le  champ  Eo(9,v)  =  Eo 


G(0.$) 


imai’ 

I  Eo  I1 


(4) 


Si  Po  est  la  puissance  rayonnee  par  chaque  antenne 


11  doit  etre  remarqub  que  :■ 

-  La  largeur  du  lobe  principal  a  3dB  est 
inversement  proportionnelle  4  la  dimension  du 
rdseau  MDy. 

-  L'affaiblissement  apporte  sur  les  lobes 
secondaires  varie  au  voisinage  du  lobe 
principal  en  (1/A  v)1  pour  un  rdseau  lineaire  (et 
en  (1/  Av  Au)2  pour  un  rdseau  de  surface),  si 
bien  que  les  lobes  secondaires  deviennent 
inutilement  faibles. 

-  Le  lobe  d'ambiguitd  qui  apparait  r&ulte  de 
la  structure  pdriodique  du  rdseau  qui  retablit  la 
coherence  du  rayonnement  dans  cette  direction 
pour  laquelle  DyAv  =  0  mod  2x. 


Po  =  /  I.E(9,f)  IVdO  =  /  IJol^dQ 

4x  Zo  J4x  Zo 

oil  Zo  est  l'impddance  d'onde  du  milieu,  ct  alors 

f  G (0,*)  dfl  =  4x  (5) 

4x 

relation  qui  montre  que  le  volume  limitd  par  la 
surface  du  gain  dans  l'espace  0  est  constante  :  la 
reduction  du  gain  en  un  lieu  entrainera  son 
augmentation  ailleurs. 

II.2.  Antennes  en  rdseaux  rdguliers. 

Si  on  considbre  les  rdseaux  d'antennes,  la  loi 
d'illumination  est  discontinue  et  I'dchantillonnagc  doit 
respecter  la  rbgle  de  Shannon  pour  dviter  l'apparition 
des  lobes  d'ambiguitd. 

Dans  le  cas  de  rdseaux  de  surface  rdguliers 
constituds  de  M.N  antennes  disposbes  selon  le  schdma 
de  la  figure  2,  le  gain  est  donnd  par  la  relation  connue 


Les  structures  rdgulibres  prdsentent  done,  pour  un 
nombre  d'antennes  fixd,  deux  inconvdnients  majeurs  : 

-  La  forme  du  diagramme  de  rayonnement 
imposde  n'est  pas  iddale. 

-  Les  lobes  d'arrbiguTtb  limitent  l'espace ment 
des  antennes  et,  par  suite,  la  finesse  du  lobe 
principal. 

11.3.  Rdseaux  d'antennes  4  structure  fractale. 

La  notion  de  gdomdtrie  fractale  a  dtb  ddveloppde  par 
Mandelbrot  dans  les  annbes  1970,  4  la  suite  de 
travaux  fondamentaux  de  nombreux  mathematiciens, 
parmi  lesquels  on  peut  citer  L.F.  Richardson,  G. 
Cantor,  G.  Peano,  F.  Hausdorff,  A.S.  Besicovitch, 
H.  Minkowski,  Bouligand. 

Cette  notion,  qui  lbintroduit  la  rectifiabilitb  des 
objets  non  rectifiables  par  la  mesure  de  Lebesgue, 
conduit  4  dbfimr,  pour  un  objet  reprdsentd  dans  un 
espace  de  dimension  entibre  n,  une  dimension  fractale 
rdelle  D  infdrieure  4  n. 


sin*.xMDvAv  (6) 

(M  sin  xDy  AV)J 

oil  est  le  gain  propre  de  chaque  adrien. 

La  figure  3  montre  les  r&ultats  obtenus  pour  un 
rdseau  linbaire  constitub  de  25  antennes  (N=  1, 
M=25)  dans  le  cas  oil  les  distances  entre  antennes 
sont  convenablement  choisies  et  dans  le  cas  oil  elles 
ne  le  sont  pas. 


La  mesure  est  effectude  alors,  comme  pour  la 
mesure  de  Lebesgue,  par  recouvrements  de  l'objct  4 
l'aide  de  boules,  mais  leurs  normes  sont 
fractionnaires.  Les  boules  sont  de  diambtres  diffdrents 
dans  la  mesure  introduite  par  Hausdorff-Besicovitch, 
de  diambtre  identique  dans  celle  introduite  par 
Minkowski-Bouligand.  La  plupart  du  temps  ces  deux 
mesures  coincident. 

Si  on  introduit  une  gdomdtrie  fractale  dans  le  motif 
rayonnant  d'un  rdseau  d'antennes,  la  loi  de 
rayonnement  est  toujours  foumie  par  la  relation  (1) 
qui  fait  apparaitre  la  transformde  de  Fourier  de  la  loi 
d'illumination. 
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II  est  facile  de  montrer  que  le  rayonnement  vane,  en 
raoyenne,  selon  la  loi 

G(Au,Av)  = - ! -  (7) 

(Au,Av)D 

Bien  qu'il  s'agisse  d'une  loi  statistique  valable 
uniquement  sous  certaines  conditions,  elle  montre  que 
le  choix  de  la  dimension  fractale  fixe  le  niveau  moyen 
des  lobes  secondaires,  done  offre  la  possibility  de 
modifier  la  forme  du  diagramme  de  rayonnement. 

Si  l'antenne  est  construite  dans  un  espace  de 
dimension  n,  la  finesse  du  lobe  principal  et  le  niveau 
des  lobes  secondaires  seront  d'autant  plus  importants 
que  l'dcart  A  =  n  -  D  sera  grand. 

Pour  les  rdseaux  rdguliers  A  ■  0.  L’interet  des 
structures  frac tales  apparait  par  le  cboix  que  Ton  peut 
faire  de  A  qui  devient  alors  un  paramdtre 
suppldmentaire. 


modules  montrent,  par  comparaison  avec  les  r&eaux 
classiques,  l'avantage  qu'on  peut  tirer  de  ces 
conceptions. 

III.l.  Un  exemple  simple  :  Le  module  triadique 
de  Cantor. 

Les  ensembles  triadiques  de  Cantor,  dont  la  figure  4 
rappelle  le  motif  it  diffdrentes  dtapes,  sont  bien 
connus.  On  peut  remarquer  qu'il  est  possible  de  les 
repr&enter  par  l'union  des  intervalles  definis  par  la 
relation  :■ 


C„  =  Uj[^  ] 


(8) 


ob  Uj  repr&ente  l'union  des  intervalles  et 
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Cependant,  certaines  structures  fractales  peuvent 
laisser  apparaitre  des  lobes  d'ambiguitd.  Le  choix  des 
modules  est  done  important.  Des  deux  classes 
fractales  habituellement  considdrdes,  auto-affines  ou 
auto-similaires,  seules  les  demibres  sont  considdrdes 
dans  cette  pr&entation,  car  elles  apportent  des 
solutions  plus  avantageuses. 

L'eltmi nation  des  lobes  d'ambiguitd  peut  etre 
obtenue  par  des  fluctuations  aldatoires  it  l'intdrieur  des 
structures  determioistes.  Elles  peuvent  etre  appliqudes 
aux  structures  fractales.  On  obtient  alors  des 
structures  fractales  pseudo-aldatoires. 

Une  demiere  mdthode  de  gdndration  de  structure 
fractale  est  possible  par  un  processus  totalement 
aldatoire.  Ces  structures  seront  appeldes  fractales 
aldatoires.  Cependant,  des  lois  gdncrales  peuvent  etre 
ddsirdes  pour  obtenir  des  propriyt&  statistiques  des 
diagrammes  de  rayonnement.  On  peut  alors  utiliser 
une  structure  aldatoire  ponddrde  par  une  loi  de 
distribution  dyterministe  de  la  gdomdtrie  ddsirde. 

III.  -  LES  RESEAUX  D'ANTENNES 

FRACTALS  AUTO-SIMILAIRES  - 

Les  modules  fractals  auto-similaires  sont 
caractdrisds  par  le  fait  que  toutes  les  parties  de 
I'ensemble  sont  semblables  4  lui-meme  (similitude). 


pour  toutes  les  combinaisons  possibles  des 
a  i  j  €  {  0,  2  }. 

Cet  exemple  bien  connu  de  motif  fractal  auto- 
similaire  a  pour  dimension  :• 


Ln2 

Ln3 


=  0.631 


III.2.  Gdndralisation  du  modble  de  Cantor. 

II  est  possible  de  gdndraliser  la  prysentation  de 
Cantor  en  ddfinissant  les  ensembles 


Kln  =  Uj[-^-] 


(9) 


ou  B  est  r6el  et 


n-1 

Pj=  Eo  ^ 

avec  a,j  6  {  0,  aj ,  a2  ...  a, aj.j  }  (10) 

ob  a,  est  rdel  infdrieur  a  B  -  1  (a;  et  B  ne  sont  plus 
ndeessairement  des  entiers),  1  £  B. 


Ces  modules  offrent  des  propridtds  intdressantes 
dans  les  probldmes  de  rayonnement.  On  a  cherchd  4 
utiliser  ces  propridtds  pour  la  conception  de  rdseaux 
lacunaires. 

Aprds  une  prdsentation  simple  de  tels  ensembles, 
une  relation  gdndrale  est  proposde  et  des  exemples  de 


L'objet  a  alors  pour  dimension  fractale  j 


(II) 
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ce  qui  permet  d'ajuster  U  dimension  tux  vtleurs 
souhaitdes.  III. 3.1.  Loi  gdndrale  du  rayonnement. 


La  figure  5  donne  un  exemple  de  motif  pour  B  = 
llet 

ajj  €  {  0,3,5,7,10  }. 

Enfin,  on  peut  gdndraliser  plus  compldtement 
encore  la  representation  en  ddfinissant  le  motif  fractal 
par : 


Pour  les  systdmes  auto-similaires,  il  est  plus 
intdressant  d'exprimer  cette  loi  en  remarquant,  k 
partir  du  module  Kn  que  la  loi  d'illumination  k  l'dtape 
n,  A„(x,y)  =  a^x.y)  e  j  *(x>y)  est  obtenue  k  partir 
de  la  loi  A^.-jfx.y)  par  une  auto-similaritd  ddfinie 
par  (figure  7) : 


(14) 

l 

An(x,y)  =  E  An.^x.y)  *  &<x-xin)  *  6(y-ym) 

t*i 


On  obticnt  alors  un  motif  non  symdtrique  dont  la 
figure  6  donne  un  exemple.  Exceptd  le  cas  oil  Cj,0j) 
sont  irrationnels,  il  est  simple  de  voir  qu'on  peut 
obtenir  tous  les  motifs  en  prenant  C^aojj  ■  1  par  un 
choix  convenable  de  B  et  I. 

Tous  ces  motifs  sont  auto-similaires  et  possfedent 
des  dimensions  fractales  infdrieures  k  1 . 

Si  on  ddfinit  le  motif  Kn  ddduit  de  par 
l'affwitd  Bn : 

Kn  =  Uj[Pj.Pj  +  l]  02) 

on  ddcrit  alors  un  motif  dont  l'dtendue  est  Bn  et 
composde  de  1°  segments. 

La  densitd  des  segments,  de  longueur  unitaire.  k  la 
dimension  totale  du  motif  est  alors 

I  n 

d=(T)  (13) 


oil  5(x)  est  la  fonction  de  Dirac,  *  denote  le  produit 
de  convolution  et  qui  donne  le  champ  rayonnd 

(15) 

t  j2xAuxin  j2rAvyin 

En(e,4>)  =  E  En.1(0,<t)  e 

i=1 


et  si  E0(e,4>)  est  le  champ  rayonnd  k  l'dtape  0 

(16) 

HnO,*)  =  E0(e.4>) 

“W"  [  E  ej2^UXkl+AVy|ci)  ] 

k=1  ‘ 

Leterme 

Tn(0,*)  =  Rn(Au,Av)  = 

‘H'  [  E  ej2,r<aUXia+AV>ki>  ] 

k=1  ' 

est  le  facteur  de  rdseau  de  I'antenne  dans  lequel 


Si  on  assimile  les  segments  k  des  adriens,  1/d 
reprdsente  la  distance  moyenne  entre  2  adriens.  Le 
rdseau  devient  done  d'autant  plus  Iacunaire  que  n  est 
dlevd. 

111.3.  Rdseaux  d'antennes  fractals  auto- 
similaires. 

Les  rdseaux  d'antennes  fractals  auto-similaires 
prdsentent  des  caractdristiques  de  rayonnement 
intdressantes. 

On  supposera  que  le  nombre  d'antennes  du  rdseau  N 
est  fixd  k  priori. 

Les  lois  gdndrales  du  rayonnement  sont  dtablies  et  il 
est  analysd  les  niveaux  des  lobes  secondaires  et  la 
largeur  du  lobe  principal  dont  les  relations  avec  la 
dimension  fractale  D  sont  dtudides. 


s  =  3L  =  yk. 
x(k-1)i  y(k-1)i 

est  le  rapport  de  similitude,  dgal,  dans  le  cas  du 
moddle  Kn  k  B. 

Le  facteur  de  rdseau  s'exprime  alors  par  la  relation  :■ 

(17) 

Tn(0.4>)  =  Rn(Au,Av)  = 

7T  [  £  eJ2Tsk^uxoi  +Avy0,)j 

k=i  L  »*' 

ce  qui  donne 
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|  Tn(0,4>)  | 2  =  |  Rn^n.dv)  [ 2  = 

n  4^  1 

7T  [i  +  E  E  cos2x Sk  [Au(x^)  +Av(y,b)] 
lc=i  i«1  hri*l 


avec  Xjj,  —  x0j  ■  x0jj 

yih  =  yoi-y0h 


Le  facteur  de  r&eau  s'exprime  de  fa$on  iterative  par 
la  relation 


(19) 

IRnfAu.  Avf  I2  _ 

|Rn-l(Au,Av)|2 


IU.3.3.  Largeur  du  lobe  principal  d'anterme. 

La  largeur  du  lobe  principal  d'un  r&eau  d'antennes, 
dans  une  direction  donn6e,  est  inversement 
proportionnelle  it  l'&endue  du  r&eau  dans  cette 
direction. 

Le  nombre  d’antennes  du  r&eau  est  6gal  i  N  =  ln 
et  la  d.stance  moyenne,  pour  un  r&eau  lmeaire  de 
type  Kn  est  A  °/d  o£t  A0  est  la  distance  minimale  entre 
deux  antennes. 

La  dimension  du  r&eau  vaut  alors 

Lp  =  N  Ao  -  A0Bn 
d 


I  1 

1  +  E  E  cos  [2x  Sn  [Au(xih)  +Av(yjj,)]] 
ul  h.L 

qui  montre  que  la  relation  est  multiplicative  et  que 
le  rapport  est  une  fonction  de  similitude  appliqude  sur 
les  arcs. 

La  figure  8  donne,  pour  l'exemple  de  la  figure  S, 
les  fonction  |  R„(  A  u,  A v)  | 2  qui  s'expnment  par  la 
relation 

n 

Rn(Au)  =  7T[4cos  (7Bka  Au)  cos  OB^Au)  +  l]2 
k=1 

Ces  figures  font  rcssortir  l'aspect  fractal  du 
rayonnement  exprimd  en  fonction  de  A  u  ainsi  que  la 
reduction  des  lobes  secondaires  en  fonction  de  Au  et 
de  l'oidre  n  du  motif. 

III.3.2.  Protection  sur  les  lobes  secondaires. 

Dans  le  cas  de  la  structure  Kj,  ('expression  (18) 
montre  que : 

-  Dans  la  direction  du  lobe  principal 

|Tn(0O.*o)l2  =  I  ®n(0.0)  | 2  =  I  20 

-  Dans  les  autres  directions 

|Tn(0o*^O)l*  =  I  •VAu’  Av)  1 2  =  I n 

La  protection  sur  les  lobes  secondaires,  dans  le  cas 
du  modble  Kn,  est  done  donate  par 

a  =  rn  =  B’00  (20) 

On  retrouve  done  la  dipen  dance  de  la  protection  en 
fonction  de  la  dimension  ffactale. 


Pour  un  r&eau  regulier,  la  dimension  vaut  :■ 

Lr=A0.  N  =  A0in 

Le  rapport  des  largeurs  des  lobes  principaux  du 
r&eau  fractal  Bp  au  r&eau  rigulier  Bp  est  done 

Sfi.  =  BiR.  =  B°n 

Br  Lp 

oil  B  est  un  coefficient  sup&ieur  mais  voisin  de  1 , 
prenant  en  compte  l'effet  lacunatre  du  r&eau  fractal. 

La  figure  9,  qui  repr&ente  les  variations  des 
paramfetrcs  difinissant  le  lobe  principal  et  les  lobes 
secondaires,  montre  que  le  choix  de  la  dimension 
ffactale  ne  peut  r&ulter  que  d'un  compromis  entre  la 
finesse  du  lobe  principal  et  les  niveaux  des  lobes 
secondaires. 

En  effet,  pour  un  ordre  n  donni,  ll  apparait  :• 

-  Que  le  rapport  Bp/Bp  est  une  fonction 
d&roisssnte  de  D. 

-  Que  la  protection  or  sur  les  lobes  secondaires 
est  une  fonction  croissante  de  D. 

L'utilisateur,  en  fonction  de  ses  applications,  doit 
done  choisir  la  protection  sur  les  lobes  secondaires  et 
la  finesse  du  lobe  principal.  II  en  deduit  alors  la 
dimension  ffactale  et  l’ordre  du  motif. 

IV.  -  EXEMPLE  DE  RESEAUX  - 

La  r&lisation  de  r&eau x  d'antennes  fractals  peut 
etre  entreprise  avec  les  formes  de  r&eaux  les  plus 
diverses. 

On  pr&ente  dans  cette  partie  quelques  exemples 
permettant  d'illustrer  les  ddveloppements  pr&ddents 
en  utilisant,  dans  les  figures  10,  11,  12  un  r&eau 
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linSaire  rectiligne  pour  permittre  une  comparison 
simple  avec  un  r&eau  regulier. 

Quatrc  rfaeaux  ont  etc  utilises  pour  cet  exemple 
(figure  10).  Les  donn&s  communes,  n&essaires  pour 
la  comparaison,  sont : 

-  Le  nombre  d'aeriens  par  rdseau  N,  dgal  selon 
les  cas  i  5, 25,  125  ou  625. 

-  La  direction  du  lobe  principal  4>0  =  90,  0O 
=  180  deg  res  (qui  donne  dvidemment  un  lobe 
amdre  it  0  degrd). 

-  La  frequence  d'emission  F  =  15MHz,  pour 
laquelle  A  =  20m. 

-  La  distance  minimale  entre  antenne  est 
^ymin  =  A  /2. 

Rdseau  A 

Rdseau  Itndaire  rectiligne  composd  d'antennes 
espacees  de  A/2  =  10  m,  correspondant  &  un 
espacement  Dy  maximum  pour  dviter  des  lobes 
d'ambiguitd. 

Pour  ce  rdseau 
B  =  5 

ai€{0-l-2-3-4} 

Dimension  fractale  D  =  1. 

Rdseau  B 

Rdseau  lineaire  fractal  avec  :• 

B  =  5,7 

aid  {0  -  1,37-2,41  -  3,43-4,59} 
Dimension  fractale  D  =  0,877. 

Rdseau  C 

Rdseau  lineaire  fractal  avec  : 

B  =  6,27 

aie{  0-  1,47  -2,65  -3,77-5,37} 
Dimension  fractale  D  =  0,797. 

Rdseau  D 

Rdseau  hndaire  fractal  avec  :■ 

B  =  7,87 

aie  {0-2,07-3,53  -4,86-6,83  } 
Dimension  fractale  D  =  0,635. 

La  figure  11  montre  1'influence  de  la  dimension 

fractale  sur  les  lobes  secondaires.  On  doit  noter  que 
du  rdseau  regulier  pour  lequel  D  =  1  au  rdseau  fractal 
de  dimension  minimale  D  =  0,635 

-  Les  remontdes  des  lobes  secondaires 
augmentent. 

-  La  largeur  du  lobe  principal  diminue. 


La  figure  12  montre  1'influence  de  la  dimension 
fractale  sur  la  largeur  du  lobe  principal.  Les  rdsultats 
prdsentds  ici  sont  les  parties  des  diagrammes  de 
rayonnement  de  la  figure  10  reprdsentant  les  angles  de 
rayonnement  de  160  fi  200  degrds.  Pour  un  meme 
nombre  d'antennes  on  constate  que  la  largeur  du  lobe 
principal  diminue  avec  la  dimension  fractale.  On  a 
reportd  les  valeurs  de  la  largeur  thdorique  de  Bp 
calculde  4  partir  de  Br  par  la  relation 

Bp  =  BR  D° 

On  peut  constater  que  cette  relation  est  trds  bien 
vdrifide. 

La  figure  13  enfin,  met  en  evidence  1'effet  de 
l'ordre  du  motif  n  qui  vane  de  1  a  4.  Le  nombre 
d'antennes  prend  done  les  valeurs  respectivcs  N  =  5, 
25,  125,  625. 

On  constate  le  bon  accord  entre  la  theone  et  les 
rdsultats  puisque  l'on  remarque  :• 

-  Une  diminution  des  lobes  secondaires  lorsque 
n  augmente. 

-  Une  reduction  de  la  largeur  du  lobe  principal 
lorsque  n  augmente. 

Les  rdseaux  a  deux  dimensions  trades  dans  le  cas 
general  prdsentent  dvidemment  des  propndleds 
semblables.  La  figure  14  represente  des  diagrammes 
de  rayonnement  pour  des  reseaux  fractals  composes  de 
125  antennes  dans  lesquels  la  disposition  des  antennes 
est  is  I'intdrieur  d'un  cercle. 

La  figure  14a  represente  le  diagramme  de 
rayonnement  d'un  rdseau  lineaire  circulate  regulier 
tel  que  la  distance  entre  deux  antennes  soit  A 12.  La 
lot  d'lllumination  connue  montre  une  remontde  des 
lobes  secondaires  importante. 

Les  figures  14b  et  14c  monlrent  les  diagrammes 
obtenus  de  deux  r&eaux  fractals  dont  les  dimensions 
sont  voisines  de  D  =  1,6.  11s  revelent  l'avantage  que 
l'on  peut  trouver  dans  les  reseaux  de  surface  a 
structure  fractale,  tant  sur  la  reduction  du  lobe 
principal  que  sur  la  protection  des  lobes  secondaires. 

L?  figure  15  donne  les  diagrammes  de  rayonnement 
d'  »eaux  de  surface  fractals  mscrits  dans  des 
n.  ‘ngles.  Ces  reseaux,  dont  les  dimensions  sont 
voisines  de  D  =  1,6,  ont  ete  obtenus  en  combinant 
une  loi  fractale  et  une  lot  aleatoire.  On  peut  constater 
encore  la  bonne  qualite  des  diagrammes  de 
rayonnement  obtenus  avec  125  antennes,  mais 
l'introduction  de  la  lot  aldatoire  ne  permet  pas  de 
controler,  it  prion,  les  mveaux  des  lobes  secondaires. 


Dans  le  premier  cas,  la  protection  sur  le  lobe  amdre 
est  assurde,  alors  qu'elle  ne  1'est  pas  dans  le  cas  du 
rdseau  rdgulier. 

V.  -  CONCLUSION  - 

La  conception  de  rdseaux  d'antennes  lacunaites  de 
grande  dimension  a  iti  abordde  it  travers  une  thdorie 
fractale,  par  la  construction  de  motifs  autosimilaires 
dtendus  bien  adapts  au  problime. 

La  formulation  proposde  conduit  it  des  rdsultats  en 
bon  accord  avec  la  thdorie,  accord  que  confirment  les 
exemples  doruids. 

Le  compromis  entre  la  largeur  du  lobe  principal  et 
la  protection  &  assurer  sur  les  lobes  secondaires  fixe  la 
dimension  fractale. 

La  mdthode  proposde  consiste  a  dtablir  le  rdseau  & 
partir  d'un  (rdseaux  lindaires)  ou  deux  (rdseaux  de 
surface)  systemes  de  numeration  lacunaires  dont  les 
bases  et  les  chtffres  sont  fractionnaires. 

Les  motifs  dependent  du  choix  que  Ton  peut  alors 
faire  et  it  convient  de  choisir  les  chiffres  du  systdme 
de  numeration  de  faijon  it  ne  pas  introduire,  contrainte 
facile  it  respecter,  des  regularites  dans  leur 
progression. 

L' introduction  des  variations  aleataoires,  ou  de 
motifs  fractals  totalement  aldatoires,  ou  toute 
combinaison  de  ces  melhodes,  peut  etre  utilisde.  Les 
resultats  constates  n’ont  pas  mis  en  Evidence 
d'amelioration  des  diagrammes. 

Les  diagrammes  obtenus  peuvent,  comme  pour  les 
rdseaux  reguliers,  etre  ameliores  en  utilisant  des  lois 
de  ponderation  sur  l'amplitude  complexe  des  signaux 
de  chaque  antenne. 

La  structure  purement  fractale  parait  done 
preferable  puisqu'elle  conserve  un  aspect  totalement 
ddterministe  en  organisant,  de  fa<;on  ngoureuse,  le 
ddsordre. 
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FIGURE  1 :  Gfomf  trie  du  rayonuemtut  d'une  surfcct 
d£finie  par  sa  Ioi  d'ilhuninalion. 
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FIGURE  2  :  Roseau  dc  surface  r£gulier. 
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FIGURE  4  :  fwcnbb  triadiquc  dc  Cmtor. 


_  0*1*1  0 

_  ORSKS  1 

_ OKOUI 2 


FIGURE  i :  Motif*  fractab  dtfias  par 
B  —  II.  I  -  5 
a,«{  0.3.5.7.11  } 

C*<  {  1.  05, 1.  0  5. 1  } 


FIGURE  S  ;  Motif*  fractab  dtflab  par 
B  *  II,  I  »  5 
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FIGURE  7  :  Configuration  glnlrale-d'une  antenne 

fractale  autosimilaire  ^an<  un  espace  it  2 
dimensions. 
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FIGURE  9a  :  Variation  du  rapport  Bf/Br 

ett  fonction  de  I'ordre  du  motif 
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FIGURE  9b  :  Variation  de  la  protection 
sur  les  lobes  secondaires 
en  fonction  de  I'ordre 
du  motif  pour  B  =  5 
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FIGURE  8 

VARIATION  DU  FACTXUR  DE  RESEAU 
2 

|r(Au)| 

B=U  a  6  {  0,3,5,7,10} 


RESEAU  A  0  £  g 
DIMENSION  D-l 


RESEAU  B  •  • 

DIMENSION  D-.877 


RESEAU  C  •  •  •  •  • 

DIMENSION  D-.797 

RESEAUD  •  •  •  •  • 

DIMENSION  D*.635 


FIGURE  10 :  Motifs  fractals  de  base  (ordre  1)  des 
rfseatix  lineaires  utilises  en  exemple. 


FIGURE  12 :  Influence 
largeur  du 
constitute 
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FIGURE  13  :  Influence  de  I'ordre  n  du  motif  sur  le 
diagramme  de  rayonnement. 

Roseau  C  de  dimension  D  =  0,797 
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DISCUSSION 


L.  LEWANDOWSKl 

In  the  ease  of  random  arrays,  one  can  use  Ruze’s  statistical  method  of  estimating  probability  of  side-lobe-levcl  exceedance.  Is  there 
a  comparable  way  to  "guesstimate”  the  side-lobe-level  peak  exceedance  for  arrays  determined  using  the  fractal  design  approach? 

AUTHOR’S  REPLY 

La  difference  entte  1’approche  purement  allttoirc  et  I'approche  fractale  vient  du  fait  que  la  determination  fractale  est  detcrministc  et 
que  par  consequent  le  diagramme  de  rayonnement  peut  etre  exprime  de  fajon  analytique.  On  peut  done  parfaitement  controkr  les 
lobes  secondaires  (et  tout  le  diagramme  de  rayonnement)  du  rcseau.  Dans  les  reseaux  aleatoires  on  ne  peut  avoir  qu’une  approche 
statistique.  ce  qui  ne  permet  pas  de  garantir  les  rtmontees  locales. 

The  difference  between  the  purely  random  approach  and  the  fractal  approach  is  explained  by  the  fact  that  fractal  determination  is 
deterministu:  and  that  as  a  result  the  antenna  pattern  can  be  expressed  in  analytical  fashion.  This  means  that  the  side  lobes  (and 
the  whole  of  the  antenna  pattern)  of  the  array  can  be  completely  checked.  With  random  arrays  we  can  only  adopt  a  statistical 
approach  which  does  not  etaele  us  to  allow  for  local  variations. 

C.  BOND 

Durant  voire  expose,  vous  avez  fait  reference  1  un  grand  nombre  d’eiemenls  a  l'interieur  de  votre  antenne.  Croyez-vous  que  cette 
methode  peut  etre  utile  i  la  bande  HF  oh  Ton  utilise,  en  general,  de  sept  a  onze  anlennes  (elements)? 

P  rtng  your  talk,  you  referred  to  a  large  nu  nber  of  elements  inside  your  anti  a.  Do  you  think  that  this  method  could  be  useful 
for  the  HF  band,  where  some  7  to  II  antennas  (elements)  are  commonly  used ’ 

AUTHOR’S  REPLY 

Cette  methode  a  ete  etudiec  pour  des  reseaux  de  grande  dimension.  Elle  peut  etre  appliquec  approximativement  pour  des  reseaux 
depassant  25  antc->n<n.  En  HF.  elle  peut  etre  utilisee  pour  ces  reseaux  sachant  que  l'on  utilise  des  reseaux  de  grande  dimension, 
nutamment  en  radar  tt.mshorizon. 

This  method  was  designed  for  large  scale  arrays  It  can  be  applied  approximately  to  arrays  with  over  25  antennas  It  can  be  used 
for  HF  arrays,  given  that  large  scale  lit  arrays  are  used,  in  particular  for  over-the-horizon  radar. 
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LOCALISATION  D'EMISSIONS  A  EVASION  DE  FREQUENCE  ET  RAFALES 
PAR  CAPTEUR  A  ANALYSE  SEQUENTIELLE  EN  BALAYAGE  RAPIDE 


D.  JOSSET 

THOMSON-CSF  Division  RGS 
66,  rue  du  Fosse  Blanc 
92  231  GENNEVILLIERS 
FRANCE 


Rtsume  : 

(.'utilisation  da  techniques  da  transmission 
par  evasion  da  frequence  ou  rafales  an  VUHF  afln 
da  hitter  contra  las  systtmes  ECM  dassiquas  sa 
repand  da  plus  an  plus.  L'apparition  da  capteur 
gonlometriquas  rapidas  rand  possible  I'intar caption 
at  la  gonlometrla  da  cas  slgnaux. 

La  localisation  da  cas  slgnaux  par  un 
systems  dasslqua  necassita  una  mise  an  attanta 
sur  remission.  Afln  d'evitar  ca  probiema,  on 
propose  da  disposer  un  systems  detraction  das 
emissions  A  evasion  da  frAquanca  t:  rafales  avac 
las  goniometras  avant  la  localisation,  ceile-d 
s'affectuant  sur  das  emissions  "  synthAtiquas  ’ 
caicuieas  e  partk  das  detections  voniometriques. 

La  calcul  da  cas  emissions  "synthetiques’ 
necassita  una  algorithms  permanent  la 
reconnaissance  at  1‘idantification  das  types 
d'emissions.  A  partk  das  reconnaissances 
effectudes  sur  plusleurs  goniometras,  on  recherche 
las  emattaurs  ayant  las  mimascaracterlstiques  sur 
las  different*  capteur*  avant  d'en  affectuer  la 
localisation  par  un*  method*  das  moindres  carte* 
cartesians. 


1  -  MODELISATION  DE  L'ENViRONNET.IENT 

Afin  de  mesurer  les  performances  d'un 
systfeme  de  localisation  d'emissions  A  evasion  de 
frequence  et  rafales  A  partir  tie  capteur  A  analyse 
sequentielle,  il  a  ete  necessaire  de  developper  une 
simulation  de  I'environnement  radioeiectrique  ainsi 
que  du  gomometre. 

a)  intercepieur  goniometrique 


Les  nouvelles  generations  d’mtercepteur 
goniometrique  permettent  I'interception  des 
emissions  A  evasion  de  frequence.  Ces 
mtercepteurs  possedent  des  vitesses  de  balayage 
depassant  1  GHz  par  second?.  Ces  intercepteurs 
utilisent  le  principe  de  detection  d'dnergie  afin  de 
n’effectuer  une  mesure  goniometrique  que  lorsque 
le  canal  radioeiectrique  est  actif. 

L'mtercepteur  modeiise  dans  le  cadre  de 
cette  etude  est  le  TRC  612  de  THOMSON-CSF. 
Les  principes  du  systeme  de  localisation  propose 
peuvent  s'appliquer  A  tous  les  types  de  goniometre 
utilisant  les  memes  principes  de  mesure  (mesure 
goniometrique  sur  activite  d'un  canal). 

Le  fonctionnement  de  ces  intercepteurs 
sont  de  par  leur  conception  asynchrones;  le  temps 
de  scrutation  d'une  bande  depend  fortement  oe  la 
densite  de  I'environnement. 


b)  environnement 

L'environnement  cible  est  un 
environnement  champs  de  bataille.  Sur  une  zone 
donnee  (50  km  *  50  km),  on  dispose  d'un 
ensemble  de  100  reseaux  de  10  emetteurs.  La 
dotation  en  emetteur  A  evasion  de  frequence  est 
variable.  De  mSme  pour  les  emetteurs  du  type 
rafales.  La  repartition  geographique  de  ces 
emetteurs  suit  une  loi  ateatoire  uniforme  A  2 
dimensions  dans  la  zone  consideree. 


c)  communications 

Les  modeies  de  communications  pris  en 
compte  pour  les  communications  en  mode 
frequence  fixe  (  FF  )  et  en  mode  evasion  de 
frequence  (  EVF  )  sont  des  communications 
pariees.  La  modeiisation  des  alternats  est  decrite 
en  annexe  2. 

Les  emissions  EVF  sont  modeiisees  par  un 
tirage  aieatoire  uniforme  des  paliers  de  frequence 
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sur  domaine  frgquentiel  determine.  Dans 
('application  prgsentge  ci-aprgs,  le  domaine 
frgquentiel  est  rgduit  a  une  seule  bande 
d'etalement.  L'utilisation  d'une  distribution  EVF 
rgpartie  sur  plusieurs  sous-bandes  d'gtalement  ne 
modifiers  pas  I'algorithme  de  localisation. 

les  rafales  seront  assimilges  a  Oes 
transmissions  de  donnges  ponctuelles.  Elies 
gmettent  en  mode  frequence  fixe.  La  durge  des 
emissions  rafales  est  comprise  entre  100  ms  et  1 
seconde  avec  repetition  possible. 


d)  propagation 

Le  modeie  de  propagation  pris  en  compte 
est  un  modeie  de  propagation  en  espace  libre. 
L'objectif  de  cette  etude  etant  la  validation  d'une 
methods  face  a  un  cnvironnement  donng,  les 
perturbations  liges  a  la  propagation  par  onde  de  sol 
ne  seront  pas  pris  en  compte  (effets  de  redaction 
de  I'environnement  reellement  visible  au  niveau  de 
chaque  capteur). 


2  -  RECONNAISSANCE  DES  EMISSIONS  FF  /  EVF 
/RAFALES 


a)  mode  de  fonctionnement  du  goniomgtre 

L'intercepteu'  goniomgtrique  effectue  un 
balayage  sur  le  domaine  frgquentiel  determine 
[f_min,  f_maxl.  A  chaque  detection  d'energie,  il 
effectue  une  mesure  goniomgtrique  sur  I’gmission 
radioglectrique.  La  detection  d'gnergie  dans  un 
canal  radioglectrique  s'ef  f  ectue  dans  un  temps  trgs 
bref  (typique  :  10  /rs).  Par  contre,  la  mesure 
gorxomgtrique  ngcessite  une  presence  du  s.gnal 
sur  environ  500  //s. 

Pendant  une  Jurge  d'observation  T,  le 
goniomgtre  aura  effectue  plusieurs  balayages 
successifs  de  la  bande  |f_min,  f_maxl  considgfge. 


b)  discrimination  des  emissions 

Chaque  emission  radioglectrique  possgde 
un  vecteur  de  paramgtres  discriminants;  ce  vecteur 
est  caracteristique  de  remission. 

Pour  une  emission  FF.  la  caractgrisation  peut  etre 
reprgsentge  par  le  vecteur  suivant: 

( frequence  centrale,  largeur  d'gmission, 
modulation  It/pes, ...],  azimut,  instants  d'gmission 

I 

II  en  sera  de  mime  pour  une  emission  EVF  : 

( bandes  de  frequences,  foi  de  distribution 
des  paliers,  modulation  ttype,  ...l.az'mut. 
instants  d'gmission  ). 


En  goniomgirie  sgquentielle,  on  ne  dispose 
pas  de  la  mesure  de  I’ensemble  de  ces  paramgtres 
discriminants.  La  goniomgtrie  limite  le  nombre  de 
paramgtres  mesurgs  a  4  qui  sont: 

-  frequence 

-  azimut 

-  instant  de  mesure 

-  niveau. 

Le  critgre  niveau  depend  fortement  des 
conditions  de  propagation  et  des  modulations;  sa 
valeur  n'aura  qu'une  -aleur  subalterne.  Ainsi  il  ne 
sera  pris  en  compte  dans  la  discrimination  que  sur 
des  gcarts  importants  lorsque  les  autres 
paramgtres  seront  semblables. 

L'identification  d'une  emission  FF  se  fera 
essentiellumei.t  sur  ie  critgre  frequentiel.  Les 
critgres  d'azimut  ct  de  duree  serviront  a 
carartgriser  remission;  ces  paramgtres  seront 
utilises  en  correlation  de  localisation. 

Pour  une  emission  EVF,  ce  paramgtre  ne 
pourra  plus  etre  utilise  comme  discriminant 
(notamment  dans  le  cas  des  goniomgtres 
sgquentiels).  Le  paramgtre  discriminant  essentiel 
sera  la  mesure  azimutale  de  remission.  A  partir  de 
ce  critgre  discriminant,  on  dgterminera  les  zones 
frgquentiellbS  d'gtalement  des  EVF  (ce  critgre 
deviendra  discriminant  en  correlation  de 
localisation). 


c  )  reconnaissance  des  emissions 

A  partir  des  donnges  acquises  par  le 
goniomgtre,  il  existe  de  multiples  methodes  de 
classification  des  donnges  pour  rgsoudre  le 
probP  me  pose.  La  mgthode  presentee  ci-„prgs  est 
glaborge  afin  de  tenir  compte  du  caractgre  temps 
reel  des  op  rateurs  et  limiter  le  coOt  en  puissance 
de  calcul. 

La  mesure  goniomgtrique  est  constituge 
par  le  vecteur 

(  azimut, 

frequence, 

•:ate, 
niveau  ). 

Le  classement  des  mesures  sur  une 
pgriade  d'extraction  est  effectuge  suivant  I'ord'e 
suivant: 

1)  frequence 

2)  azimut 

3)  date. 

Le  niveau  ne  permec  que  dans  quelques 
occasions  limitges  da  sgparer  2  emissions. 

Le  nombre  de  mesures  effectuges  sur  une 
emission  dgpend  de  la  densitg  J'environnement  et 
de  la  bande  balayge.  La  duree  de  scrutation  d'une 
bande  etant  trgs  infgrieure  d  la  durge  d'ex*'action, 
le  goniomgtre  effectuera  n  mesures  sur  une  meme 
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Emission  FF.  La  construction  d'un  histogramme  en 
frequence  perrnet  par  seuillage  d'en  extraire  les 
Emissions  de  type  FF.  La  distinction  des  alternats 
de  communications  FF  est  etablie  par  un 
histogramme  en  azimut;  chaque  alternat  de 
communication  est  identify  par  une  datation  au 
sein  de  la  pdriode  d'extraction. 

En  effectuant  un  regroupement  de  toutes 
les  mesures  relatives  &  une  mfime  emission  FF,  on 
etablit  un  plot  'synthetique'  reprdsentatif  de 
remission.  II  est  caracterise  par  les  parametres 
suivants  : 

(  type  FF 

frequence  centrale 
azimut  moyen 
ecart_type  en  azimut 
date  de  debut 
date  de  fin  ). 


Le  discriminant  f  requentiel  ne  pouvant  etre 
employe  pour  reconnaTtre  les  EVF,  on  effectuera 
une  discrimination  azimutale.  Cette  operation  est 
effectuee  aprfis  elimination  des  emissions  FF.  La 
detection  des  emissions  EVF  se  fait  par  seuillage 
sur  un  histogramme  en  azimut  des  detections. 

Sur  un  meme  azimut,  ptusieurs  emissions 
EVF  peuvent  coexister  lalignement  dans  les  visees 
goniometriques).  Aussi  on  identifie  chaque 
emission  EVF  par  la  (ou  les)  zonels)  f  requentielle(s) 
occupeels).  Chaque  plot  EVF  est  alors  caracterise 
par  un  domaine  d'etalement  frequentiel 
[f_min.f_maxl. 

Lesdetections  relatives  a  chaque  emission 
EVF  sont  alors  regroupees  dans  un  plot  * 
synthetique"  representatif  de  remission: 

(  type  EVF. 

frequence  min, 
frequence  max, 
azimut  moyen. 
ecart-type  azimutal, 
date  de  debut, 
date  de  fin  ). 

La  datation  des  emissions  se  fait  en 
calculant  la  date  inferieure  et  superieure  des 
detections  relatives  a  un  plot. 


La  reconnaissance  des  emissions  de  type 
rafale  est  faite  sur  le  meme  principe  que  la 
reconnaissance  FF.  On  etablit  la  reconnaissance 
rafale  sur  I'ensemble  des  detections  n'ayant  pas 
servi  aux  reconnaissances  precedentes.  Cette 
operation  n'est  effectuee  que  sur  les  emissions 
rafales  emettant  en  frequence  fixe. 

On  effectue  I'identif ication  de  remission 
rafale  au  meme  litre  que  les  emissions  FF  pat  un 
plot  'synthetique*  ayant  les  mBmes 
caracteristiques. 


3  -  PRINCIPES  DE  LOCALISATION 


a)  technique  de  localisation 

La  methode  de  localisation  utilisee  est  une 
methode  de  localisation  necessitant  I'emploi  de 
plusieurs  observateurs.  La  technique  de  localisation 
est  une  localisation  par  les  moindres  cartes 
cartesiens  ID.  Nous  rappelons  brifivement  les 
principes  de  la  methode  en  annexe  1. 


b)  techniques  de  correlation  entre  capteur 

Chaque  capteur  goniometnque  effectue  un 
ensemble  de  releve  de  mesures  sur  les  emissions 
radioeiectriques  interceptables.  Chaque  mesure  est 
ddcrite  par  un  vecteur  associe 

I  capteur 
azimut 
frequence 
niveau 
date  ) 

Dans  les  systemes  de  localisation  actuels, 
la  correlation  entre  capteur  d'une  emission  est 
essentiellement  basee  sur  le  critbre  frequentiel. 

L'utilisation  de  ce  cntere  comme 
discriminant  dans  les  systemes  de  localisation  des 
emissions  a  evasion  de  frequence  necessite  une 
parfaite  synchronisation  des  balayages  des 
stations  (interception  des  mCmes  pallets  au  memes 
instants).  Ce  probieme  deviendra  d'autant  plus 
insoluble  que  les  duree  de  paliers  seront  courtes. 

Pour  reduire  1'influence  du  probieme  de 
synchronisation,  on  va  effectuer  avant  la 
localisation  une  reconnaissance  des  emissions 
appelde  extraction;  chaque  emission  sera  identifiee 
par  un  ensemble  de  parametres 

(  capteur 

type  (FF,EVF,RAF) 
azimut  moyen 
sigma  azimut 
frequence  centrale 
largeur  de  bande 
date  de  debut 
date  de  fin  ) 

A  partir  des  ensembles  de  plots 
representatif  s  des  emissions  detertees,  la  premiere 
etape  de  la  locc’isation  est  d'effectuer  la 
correlation  des  emissions  entre  les  differents 
capteurs. 

Les  criteres  de  correlation  seront  classes 
dans  un  ordre  decroissant  : 

I  type 

frequence 

date 

azimut  ) 


On  dispose  au  niveau  de  la  station  de 
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localisation  de  n  ensembles  de  mesures  des 
emissions  relatifs  aux  environnements  pergus  par 
chaque  station  de  localisation.  Nous  appliquerons 
la  correlation  entre  emissions  en  respectant  I'ordre 
de  discrimination  presentee  ci-dessus. 

Les  emissions  reconnues  de  mSme  type 
au  niveau  extraction  seront  correiees  entre  elles. 
Ensuite  sera  pris  en  compte  le  entire  frequentiel. 

La  correlation  des  emissions  de  type  FF 
est  faite  essentiellement  sur  la  frequence,  ensuite 
sur  les  dates.  La  datation  permettra  de  discriminer 
les  altemats  de  communications  FF.  La  nature 
asynchrone  des  goniomitres  ne  permet  pas  d'avoir 
les  mimes  dates  de  debut  et  fin  des  emissions 
entre  goniomitres.  Aussi  la  correlation  des  dates 
d'imission  entre  les  diffirents  capteurs  sera  faite 
avec  un  degri  d'incertitude.  Ce  degri  d'meertitude 
prend  en  compte  les  effets  des  balayages  non 
synchrones  des  diffirents  goniomitres,  ainsi  que 
les  erreurs  de  datation. 

L'azimut  n'est  pas  un  entire  a  proprement 
dit  de  correlation;  il  permet  seulement  de  lever  les 
ambiguTtes  de  localisation,  en  particulier  lors  de  tirs 
goniomitriques  paralliles. 

Pour  les  emissions  de  type  EVF,  on 
reprendra  les  mimes  discriminants.  Etant  donni 
que  les  caracteristiques  des  EVF  mesuries  au  sein 
des  divers  goniomitres  sont  diffirentes 
(asynchromsme  des  balayages),  on  effectuera  une 
correlation  en  imposant  une  marge  d'incertitude 
sur  la  correlation.  Le  degri  d'incertitude  sur  le 
domame  commun  frequentiel  depend  des  modes 
de  fonctionnement  (  durie  d'extraction,  densiti 
d'environnement,...).  Ce  degri  d'incertitude  est 
itabli  experimentalement. 

La  correlation  sur  les  dates  est  effectuie 
avec  la  meme  mithode  que  celle  employee  en  FF. 

Les  emissions  rafales  extraites  sont 
arralysies  en  respectant  les  pnncipes  dients  en 
frequence  fixe. 


4  -  PERFORMANCES 

Les  performances  de  la  localisation 
dependent  du  temps  d'observation  du  systime  et 
du  nombre  d'imetteurs  actifs  pendant  cette 
piriode.  On  difmit  ainsi  plusieurs  paramitres  de 
localisation  qui  sont; 

.  le  taux  de  localisation  reprisentant  le 
nombre  de  localisations  par  cycle 
d'extraction  sur  le  nombre  d'emetteurs 
actifs, 

le  taux  de  localisation  riussie 
reprisentant  le  nombre  d'imetteurs 
correctement  localises. 

On  mesure  une  performance  de 


localisation  par  cycle  d'extraction  reprisentant  le 
nombre  de  localisations  correctes  par  rapport  aux 
nombre  d'imetteurs  actifs.  La  performance  globale 
du  systime  sera  mesurie  par  le  nombre 
d'imetteurs  localises  sur  N  cycles  d'extraction. 

Avec  177  riseaux  de  1 0  imetteurs  ayant 
un  taux  d'activite  de  50%  et  les  modiles  de 
communications  dicrits  pricedemment  180  %  FF, 
10%  EVF  et  10  %  rafales)  repartis  sur  la  bande 
130  MHz,  88  MHz),  on  obtient  statisquement  par 
cycle  d'extraction  (  cycle  d'extraction  de  2 
secondes),  des  taux  de  localisation  de  : 

.  72  %  pour  les  imetteurs  FF  actifs 
durant  ce  cycle 

soit  51  imetteurs  sur  71  toutes 
les  2  secondes, 

.  33  %  pour  les  emetteurs  EVF  actifs 
durant  ce  cycle 

soit  6  imetteurs  sur  18  toutes 
les  2  secondes, 

.  41  %  pour  les  imetteurs  rafales  actif 
durant  ce  cycle 

soit  7  emetteurs  sur  18  toutes 
les  2  secondes. 

L'application  d'un  suivi  de  localisation  sur 
plusieurs  cycles  d’extraction  successes  permet  de 
locatiser  tous  les  riseaux.  Statistiquement  sur  une 
periode  de  1  minute  I  30  cycles  d'extraction  de  2 
secondes),  tous  les  emetteurs  actifs  auront  iti 
localises. 

Le  systime  de  localisation  apris 
extraction  est  congu  pour  permettre  un  suivi  temps 
riel  des  emissions.  Aussi  on  pourra  divelopper  au 
sein  de  la  station  de  localisation,  un  systime  de 
suivi  temps  reel  des  emetteurs;  ceci  permettra 
I'analyse  temps  riel  de  I'environnement 
radioilictrique. 


5  •  CONCLUSION 

Ce  systime  de  localisation  a  iti 
developpi  pour  s'adapter  a  I'intercepteur 
goniomitrique  TRC  61 2  de  THOMSON-CSF  afm  de 
ripondre  aux  nouvelles  menaces  EVF  et  rafales.  La 
realisation  de  ce  systime  est  en  cours 
d’impiementation. 
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ANNEXE  1  :  PRINCIPES  DE  LA  LOCALISATION 


Un  goniom£tre  G  de  coordonges  (Xg,Yg) 
dans  un  repirel  0,x,y)  mesure  I'angle  sous  lequel 
il  intercepts  une  cable  radioyiectrique  C  de 
coordonndes  (Xc.Yc).  L'angle  thdorique  (theta)  est 
donne  par 


La  mesure  est  affectee  d'un  bruit  inherent 
au  capteur  employs.  Nous  prendrons  comme 
hypothSse  que  I'erreur  de  mesure  sur  l’angle  suit 
line  loi  normale  de  moyenne  nulle.  La  probability 
d'effectuer  une  mesure  avec  une  erreur  phi  autour 
theta  s'Scnt  :• 

P(»W® - '—expi—W 

2o# 


X»E- 


'  slr>*6. 


>•'  br) 
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:  Scart-type  de  mesure  du  goniomStre 
Soit  P  la  projection  orthogonale  de  la  cible 
sur  le  tir.  On  a 


P.-PC-D/rf*) 

avec  Oj  la  distance  cible  gonio 
Pour  N  goniomStres.  les  erreurs  de  mesure 
d'angle  sont  indSpendantes.  En  consequence,  la 
probability  rSsultante  sera  le  produit  des 
probabilitSs  Siymentaires  : 
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En  se  ryfSrant  au  calcul  effectuS  par  R.G. 
STANFIELD  (1  ],  la  solution  la  plus  probable  est 
donnSe  par  les  equations: 

i^19/ 

<*p-v*)M  or> 


y * 


(ilp-v*)/-1 


ANNEXE  2  :  MODELES  DE  COMMUNICATION 

Le  modSle  de  communication  employe 
represente  des  communications  pariees.  Les 
communications  sont  point  a  point.  A 
('initialisation,  le  positionnement  temporel  des 
communications  est  suppose  aieatoire  dans  un 
domaine  T. 

Le  deroulement  d'une  communication 
repond  d  une  distribution  des  alternats  suivant  le 
schema  suivant: 

.  4  alternats  de  procedure  de  debut  de 

communication 

.  N  alternats  utiles 

.  2  alternats  de  procedure  de  tin  de 

communication. 

Les  alternats  de  procedure  sont  de  duree 
11  +x)  secondes,  x  tire  suivant  une  loi  de  rayleigh 
d'ecart-type  donne.  Les  blancs  d’alternats  sont 
tires  suivant  une  loi  de  rayleigh  d'ecart-type  1 
seconde. 

Les  alternats  utiles  sont  tires  suivant  une 
loi  de  rayleigh  d'ecart-type  4  secondes  (60%  des 
cas)  ou  8  secondes  (  40%  des  cas). 
Statistiquement  la  duree  d'une  communication 
variera  de  50  secondes  (alternats  courts)  a  70 
secondes  (alternats  longs). 

Entre  2  communications,  on  detinit  un 
etat  de  veille  defmi  par  un  temps  T  resultat  de  la 
somme  d'une  duree  minimale  (T0  =  20  secondes 
)  et  d'un  tirage  suivant  une  loi  de  rayleigh  d'ecart- 
type  24  secondes.  Ceci  correspond  a  un  taux 
d'activite  des  reseaux  de  50  %. 


avec 
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DISCUSSION 


R.  ROSE 

This  system  is  truly  impressive  being  able  to  prosecute  so  many  targets  in  such  a  small  battlefield  area.  How  do  you  define 
location?  Do  you  mean  just  the  existence  of  energy  or  do  you  produce  an  actual  location,  which  is  the  real  end  product  in 
battlefield  radiolocation? 

AUTHOR’S  REPLY 

Une  mesure  gomomtftrique  est  effectude  1  chaque  detection  d'tnergie.  La  localisation  6tant  effective  sur  les  Emissions  reconnues, 
nous  produisons  une  image  de  I’activitt  sur  le  champs  de  bataille;  cede  image  est  renouvellte  en  temps  rtel  pour  suivre  les  activity 
des  tmetteurs.  A  chaque  localisation,  nous  avons  une  estimation  de  la  position  des  tmetteurs  actifs. 

The  direction-finding  measurement  is  made  each  time  energy  is  detected.  As  location  is  performed  on  recognized  emissions,  we 
produce  an  image  of  battlefield  activity,  this  image  is  refreshed  in  in  real  time  so  as  to  monitor  emitter  activity.  Each  time  we  make 
a  location  we  have  an  estimate  of  the  position  of  active  emitters. 

D.  YAVUZ 

If  you  have  more  than  one  net  frequency  hopper  how  do  you  (or  do  you  attempt  to)  differentiate  between  different  hop-sets? 
AUTHOR’S  REPLY 

Lc  systfane  ne  permet  pas  de  mesurer  la  dur6e  de  palier  FH.  Aussi  nous  ne  pouirons  pas  distinguer  les  rtseaux. 

The  system  does  not  allow  measurement  of  the  duration  of  the  frequency-hopper  step.  Neither  can  we  distinguish  the  networks. 

E.  KOELBLE 

When  your  system  is  fast  scanning  over  the  frequency  band,  how  great  is  the  false  alarm  probability  for  energy  detection  as  a 
function  of  the  sweep  rate  and  for  the  signal  to  noise  ratio? 

AUTHOR’S  REPLY 

La  simulation  ne  prend  pas  en  compte  les  probifanes  lids  aux  fausses  alarm es.  Un  seuil  du  rapport  signal/bruit  i  6  db  a  <t<  impost 
i  la  detection  pour  limiter  le  nombre  de  fausses  detections. 

The  simulation  does  not  take  false  alarm  related  problems  into  account.  A  signal  to  noise  ratio  of  6  dB  has  been  imposed  on 
detection  in  order  to  limit  the  amount  of  false  detections. 

E.  LISEC 

What  hop-rate  of  true  VHF  emitters  did  you  assume?  Is  it  related  the  PR4-C  radio? 

AUTHOR’S  REPLY 

Les  tmetteurs  considtrfs  sont  les  tmetteurs  typiques  de  la  bande  VHF,  e'est  1  dire  entre  100  et  300  sauts  par  seconde.  Les 
simulations  prerment  en  compte  un  module  du  TRC  950  de  THOMSON-CSF;  tous  les  modes  de  distribution  des  emissions  EVF 
n’ont  pas  ete  simults  (systfanes  i  multi-sous-bandes  presents  dans  le  PR4G) 

The  emitters  considered  are  typical  VHF  band  emitters,  i.e.,  between  100  and  300  hops  per  second.  The  simulations  assume  a 
THOMSON-CSF  TRC  950  emitter;  all  the  EVF  emission  distribution  modes  were  not  simulated  (multi-sub-band  systems  in  the  PR4- 
G). 
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ABSTRACT 

An  eigneatrueture  baaed,  doubly  adaptive 
array  proceaaing  algorithm  ia  deacribed. 
Thia  algorithm  reaolvea  the  differential 
time  of  arrival  (DTOA)  between  the  direct 
signal  and  a  delayed  replica  that  arrivea 
over  a  different  ray  path.  Simulationa, 
using  theoretical  responses  of  a  circular 
eight  element  dipole  array,  illustrate  the 
resolving  characteristics  of  the 
algorithm. 

I.  INTRODUCTION 

HF  communication  signals  often  arrive  at 
the  receiving  antenna  over  multiple  paths. 
A  classic  multipath  situation  of  this  type 
is  a  direct  surface  wave  received  in 
combination  with  an  ionospherically 
propagated  skywave.  Resolution  of  these 
two  components  along  with  an  estimate  of 
their  differential  time  delay  can  be 
exploited  to  determine  location  of  the 
transmitter.  This  paper  describes  an 
eigenstructure  based,  doubly  adaptive 
processing  algorithm  which  yields  an 
optimum  estimate  of  the  differential  time 
of  arrival.  Angle  of  arrival  (AOA)  values 
for  the  two  ray  paths  can  be  calculated  by 
applying  superresolution  processing 
algorithms  to  the  array  correlation 
matrix.  Digitally  beamformed  data  streams 
are  generated  by  linearly  weighting  and 
additively  conjoining  two  eigenbeam  data 
streams.  The  weights  are  adaptively 
adjusted  to  sort  the  data  streams  into  an 
interferernce  free  copy  of  the  direct  path 
signal  and  a  similarly  interference  free 
copy  of  the  delayed  path  signal.  A  doubly 
adaptive  algorithm  is  applied  to  achieve 
this  sorted  signal  conditions.  Adaptive 
weights  are  calculated  to  maximize  a 
normalized  correlation  function 
[Rcor_  (t)  | 1  (the  ratio  of  two  quadratic 
forms)  as  a  function  of  the  advance  added 
to  the  delayed  signal.  The  advance  that 
maximized  the  normalized  correlation 
function  yields  an  optimum  estimate  of  the 
differential  delay  between  the  two  signal 
propagation  paths. 

II.  THEORETICAL  MULTIPATH  PRO' '  EM 
To  demonstrate  doubly  adapted  gnal 
resolution,  a  problem  is  established  by 
theoretically  propagating  an  incident 
direct  path  signal  and  it's  delayed  path 
replica  onto  an  idealized  eight  element 
dipole  array  as  shown  in  Figure  1.  The 
voltage  recorded  at  the  ith  feedpoint  of 
this  eight  element  circular  array,  as  it 
intercepts  these  vertically  polarized 
narrowband  planewave  signals,  xs  expressed 
analytically  as: 

m  -  S*(t)  +  A,(9«,fc*)S<w<t)  +  N,(t)  (1) 

06-n-EQI 

where,  Sdjj.(t)  is  the  signal  associated 
with  the  direct  planewave,  Sj.^it)  is  the 
signal  associated  with  the  delayed 
planewave.  N^(t)  is  the  additive  noise  at 
the  itt  dipole  and  A  (8,  0)  is  the 
response  of  this  dipole  in  the  direction 
(6,  ♦) .  Electrically  short  omni  dipole 
patterns  are  assumed  with  responses 


described  by: 

A,(0,0)  -  Sm(e){exp[j2np1(cVc)Cos(0A}l}  (2) 

06-92- £02 

where  (pctj  77/2, $,)  are  the  spherical 
coordinates  of  the  center  of  the  ith 
dipole.  The  total  array  response  can  be 
written  in  compact  vector  notation  as: 

[V(t)].[AP(t)]  +  [N(l)]  (3) 

where: 

is<t)i-{s*w,s*«aT 

[A] » [Ac(8ai(.<>o,),Ac(0aw.  $«)] 

05-92-EO3 


and  Ac ( (9,  $)  is  an  eight  element  column 
(steering)  vector,  each  element  as 
described  by  (2) .  The  array  correlation 
matrix  (R),  experimentally  developed  by 
time  domain  integration  over  all 
V^(t)Vj(t)  products,  is  given  by 


[RMA)(S][A]W[I]  (4) 

06-92-EO4 

where  t  denotes  the  congugate  transpose 
and  (S)  -E{(S(t)HS(t)|t),o2(I] 
represents  integrated  noise  voltage 
contribution  to  the  array  correlation 
matrix.  The  noise  voltages  are  assumed  to 
be  uncorrelated  with  the  signals  and 
uncorrelated  among  themselves  and  to  have 
identical  variances.  A  randomly  modulated 
signal,  that  arrives  at  the  array  with 
different  time  delays  and  separate 
directions,  will  generate  an  array 
correlation  matrix  that  exhibits  two 
signal  eigenvectors,  i.e.,  eigenvectors 
associated  with  eigenvalues  having  \tX32 . 
To  identify  the  structure  of  these  signal 
eigenvectors,  the  eigenvector  equation: 
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[RM-AJod  (5) 

0S-62-EQ6 

is  recast  as: 

l®J  “T~ir  fAHtSAtHeiJ}  (6> 

a *-<r 

05*2-606 

Each  signal  eigenvector  is  therefore  given 
by  the  linear  combination  of  two  steering 
vectors  in  the  form: 

[ej  -  ^(diDI/ye*.  o„)]  +  CkfdelJIAcO.u. $«)]  (?) 

where: 

C*(dir) ^(EfS^DS^dJKActe,,  «*)]'[ej 

*»-<r 

+  {ElS^OS^OH/ye*, 

Qdai)  -  — ! Wl’W 
\~<r 

♦  (E(«dQSVM4fe  WHokD 

0S-92-EQ7 

XII.  DTOA  KQUATIOH  AMD  WEIGHT 
OPTIMIZATION  TECHNIQUE 

The  two  signal  eigenvectors  described  by 
(7)  span  the  total  steering  vector  space 
and  are  the  key  components  in  the 
resolution  solution,  the  resolution 
process  proceeds  by  using  these  two 
vectors  to  generate  two  eigenvector  based 
data  streams: 


05-82-608 

(8) 

S^(2.t)-[ejt(V(t)] 

05*2-EQ9 

0) 

1  '  +  rjlf^t  ♦  ,)} 

05-82-EQ13  (1 3) 

as  the  delayed  data  stream  is  numerically 
advanced.  The  value  of  tau  that  maximizes 
this  function  is  exactly  equal  the  true 
multipath  delay  if  the  signal-to-noise 
ratio  (SNR)  is  equal  tox*. 

DTOA  equation  <13)  is  a  maximization 
function  that  depends  on  precomputed 
weights  to  sort  the  signals  prior  to  time 
delay  scanning.  An  alternative  to  this 
difficult  precomputation  task  is  to 
include  weight  computation  within  the 
correlation  maximization  process.  Sets  of 
new  correlation  maximization  weights  are 
computed  at  each  tte5t  step  in  the 
correlation  scanning  process.  At  any 
general  t  point#  these  optimized 
weights  will  maximize  the  correlation  but 
in  general  do  not  sort  the  signals. 
However#  when  tt€iSt  -  Ttcue,  the  signals 
will  be  sorted  since  only  this  condition 
will  ensure,  at  S  N  R  -  x  f  a  maximized 
correlation  function.  The  resolution 
process  described  herein  is  based  on  the 
ability  to  calculate,  in  closed  form, 
weights  that  maximize  the  correlation 
function.  The  resolution  process 
described  herein  is  based  on  the  ability 
to  calculate,  in  closed  form,  weights  that 
maximize  the  correlation  function.  Weight 
optimization  is  described  as  a  two  step 
process,  direct  signal  weights  are 
optimized  followed  by  delayed  signal 
weight  optimization. 

First,  it  is  assumed  that  accurate  delayed 
signal  weights  have  been  precomputed.  The 
correlation  function  is  then  given  by  an 
equation  that  is  the  ratio  of  two 
quadratic  forms: 


In  the  absence  of  noise,  these  data 
streams  span  a  signal  energy  space  defined 
as: 

E(S^(1.  t)  S'„(1.t)  ♦  S„(2.  t)  S-„(2. »)} .  X,  +  X,  (10) 

ohj-eoio 


DT, 


1WUD  M,(1,2J][IV^1)) 

_ lAftl.1)  M,(2.2)|[V^(2)] 

JIHW1)  «W2X0,(1.1)  D,(1, 2)  HiO))! 

l  101(1.1)  0,(2, 2) 


A  simple  analysis,  based  on  (7) ,  (8)  and 
(9) ,  shows  that  these  two  data  streams  car. 
be  weighted  and  summed  to  eliminate  either 
direct  path  or  delayed  path  signals. 

Assume  that  these  weights  have  been 
calculated  by  some  scheme  and  result  in  a 
direct  signal  data  stream: 


where:  (14) 

D,(1.1).  E^hOS^M) 

0,(1.2)  «E(S«^1.0SW2- 01 

0,(2,2)  -  £1S^2,  f)S^2.  0) 
«,0.1)-|EIS^0.I)J4w0.1-m))|s 


U*(t)  -  W*(1)S^(1.  t)  ♦  W*(2)S^(2, 1)  (11) 

0M2-EO1, 


that  contains  the  direct  signal  and 
weighted  noise  voltages  but  zero  delayed 
signal  components .  Similarly  a  delayed 
signal  data  stream: 

tWQ  “  W.^1  JS^O ,  t)  +  Wst,(2)S^,(2.  t)  (12) 

05£2*£Q12 

is  assumed  that  does  not  contain  direct 
signal  components . 

Differential  time  delay  between  these  two 
signals  can  be  computed  by  observing  the 
correlation  function: 


Mt(U) -  r  ♦  ♦  0) 


0M2-EO14 


The  object  is  to  maximize  equation  (14) 
over  the  direct  signal  weights.  This 
apparently  difficult  problem,  is  instead 
extremely  simple,  since  the  maximization 
ratio  of  quadratic  forms  is  easily 
computed(2) .  The  maximum  value  over  the 
weights  is  given  by  largest  root  of  the 
determinant : 


MX1.1)  *M1.2»  slAO.I)  A(1.2)1L0  (15) 

M^1,2)  **,(2.2)]  |p;(1.2)  D,(2.2)J| 

castEOis 
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divided  by  the  function  DT^  (X)  .  DTOA  is 
calculated  by  scanning  the  ratio  of  the 
two  functions  X{x)/DT1(t)  and  searching 
for  a  maximum.  This  maximum  value  can 
then  be  inserted  into  equation  (14)  and 
solved  to  yield  the  direct  signal  weights. 
Specific  direct  signal  weight  values  need 
not  be  calculated  if  DTOA  resolution  is 
the  single  requirement.  At  this  stage  in 
the  DTOA  computational  process,  a 
significant  problem  still  exists,  that  of 
precomputing  the  delayed  signal  weights. 

Step  two  solves  the  delayed  signal  weight 
computation  problem  by  an  algebraic 
expansion  of  the  only  nonzero  root  of 
equation  (15),  which  is: 

Km  {D,(1.1)M1(2.2)  +  Ol(2.2),M(1.1) 

- 10,(1, 2),M1(1.2)  +  D,(1.2)M,(1l2)-»  (1g) 


where.  Dr,-0,(1.1)D,(2.2)  -1 0,(1 .2)1  2 

05.92*6016 

This  root  is  a  function  of  the  precomputed 
delayed  signal  weights.  When  these 
weights  are  included  as  algebraic  terms 
instead  of  numerical  values  and  the  result 
divided  by  the  DT^  (also  a  function  of 
delayed  signal  weights,  an  interesting 
ratio  is  observed.  This  new  function  is 
also  a  ratio  of  quadratic  forms  given  by: 


|a»,(r)|2 


(17) 


IWUD  MU2)]f*«1.1)  H(1. 2)  v/un 

_ 1*61.2)  H(2.2)i  Ktfi 

0T  _f|1V«0)MU2m(1.1)  0,0.2)  wloil 

1  1 0,0 .2)  p,(2.2)  K.MI 


None  of  the  ..or  (* )  * ■ *terms 
presented  in  equation  (17)  involve 
weights,  therefore  this  second  adaptive 
equation  is  maximized  over  delayed  signal 
weights  by  calculating  the  maximum 
eigenvalue  of  a  second  determinant  which 
has  a  form  similar  to  equation  (15) .  The 
terms  required  for  this  calculation  will 
not  be  included  since  they  are  readily 
derived.  DoU/})  terms  have  the  same 
functional  dependency  as  D^(i#f)  with  t 
replaced  by  t  +  x  For  reference  purposes, 
1*2(1, 2)  is  given  by: 


MJ,  1 .2)  -  2(1 .1  )Z(\  ,2)0(2, 2)  +  /(2, 2)0(1 .1 ) 

-  [/(1 ,2)42,1  )D'(1 .2)  •  2(1 ,1  )/(2, 2)0(1 ,2)] 

where 

2(1.1  )-e/S^1.()S^1.f  +  /)} 

2(1,2)  -  l)S«^2.  f  +  #)) 

2(2,1)  -  EfS  ^Z.  *)S^(2,  t  +  r)) 

2(2,2)  -E/S^2.l)S^2,f+/)) 

05-92EO18  (18) 


Determinant  number  two  generally  exhibits 
two  nonzero  eigenvalues  which  are 
functions  of  time  delay.  DTOA  solutions 
are  obtained  by  scanning  the  ratio, 
maximum  eigenvalue  divided  by  DT2.  This 
simple  calcudlation  is  all  that  is 
necessary  for  determining  DTOA  values.  If 
signal  sorting  is  desired,  the  two  sets  of 
weights  can  be  calculated  by  reverse 


processing  i.e.,  correlation  maximized 
over  time  delay,  which  is  then  used  for 
delayed  signal  weight  calculations 
followed  by  direct  signal  weight 
calcuations.  It  should  be  noted  that  the 
maximization  function  is  a  ratio, 
therefore  either  set  of  weights  can  be 
multiplied  by  an  arbitrary  nonzero  complex 
scalar  without  changing  the  value,  this 
mdeterminant  problem  does  not,  however, 
prevent  unique  signal  resolution. 

IV.  SIMULATION  RESULTS 
A  set  of  simulations  are  presented  to 
illustrate  the  performance  of  the  doubly 
adaptive  resolution  technique.  A  simple 
pulse  modulated  CW  analystic  signal  is 
uniformly  sampled  at  40  pts.  per  cycle  to 
generate  an  incident  signal.  The  in  phase 
(1)  component  of  1  s  pulse  is  shown  on 
the  upper  trace,  figure  2. 


*0)  ftmtflNS  (May  -  400)  i 


The  first  example  is  based  on  an  equal 
amplitude,  significantly  delayed  signal 
(three  times  the  pusle  width) ,  as  shown  on 
the  middle  trace.  Incident  angles  in  the 
first  quadrant,  (Q^jAiir*  “  90.,  4  5.), 
(©delude  1*  “  30"  are  assumed.  A 

covariance  matrix  having  a  ratio  of 
eigenvalues  "  *170  was  generated  by 

approximating  the  expectation  function  by 
time  domain  integration  over  the  window 
shown.  Eigenvector  data  stream  Se  (1,  t) 
associated  with  the  largest  eigenvalues  is 
normalized  and  displayed  on  the  lower 
trace  of  the  figure,  computations  based 
on  the  doubly  adaptive  correlation 
function  (17)  exhibits  (Figure  3),  two 
correlation  values  equal  to  1.0,  the  first 
a  false  peak  at  time  step  0  and  a  second 
triangular  peak,  at  the  correct  time  step 
-  400.  This  simple  pulse  problem  could 
have  been  solved  by  a  simple  clip  and  scan 
technique,  but  it's  use  in  correlation 
function  processing  clearly  demonstrates 
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the  doubly  adaptive  concept.  It  should  be 
noted  that  a  unity  magnitude  peak  at  zero 
time  is  always  generated  by  the 
correlation  maximization  process  described 
herein. 

The  second  example/  is  based  on  parameters 
equal  to  tne  first  example  except  for 
amount  of  signal  delay,  which  was  set  to 
equal  the  pulse  width  divided  by  two  as 
shown  in  Figure  4.  Here,  the  eigenvector 
data  stream  Se,  (l,t)  exhibits  the 
interaction  between  the  direct  and  delayed 
signals,  however,  the  correlation  peak 

lRcgrrWI  "  1*°@ttest  “  100'  is  wel1 
defined  and  at  the  correct  delay  as  shown 
in  Figure  5.  The  eigenvalue  ratio  for 
this  delay  equals  0.206.  this  ratio  is 
reduced  to  0.061  at  a  delay  equal  to  1/10 
the  pulse  width.  At  zero  delay,  the 
second  eigenvalue  is  equal  to  the  noise 
variance. 


Tim  tun 

«(t)  MTTtJtMS  (Miy  ■  109)  FI*  4 


Ttu(Uvinc») 

COMtCLATXM  CURVE  •  100)  Flfi 


The  time  delay  resolution  of  the  signals 
described  in  the  above  examples  is  based 
on  an  internal  process  that  spatially 
notches  each  signal.  Direct  signal 
resolution,  requires  a  null  at  (30. ,45.), 
resolution  of  the  delayed  signal  required 
a  null  at  (40., 45.).  Example  2  parameters 
are  used  to  demonstrate  the  adaptive 
beamformed  patterns.  Figure  6(a)  shows 
the  beamformer  output  power  as  a  function 
of  signal  arrival  angle,  within  the  first 
quadrant,  using  weights  designed  to  reject 
the  delayed  signal.  Figure  6(b)  shows  the 
power  pattern  associated  with  the 
beamformer  designed  to  receive  the  delayed 
signal  and  reject  the  direct  signal. 
Obviously,  the  beamformed  patterns  exhibit 
the  correct  response,  peaks  in  desired 
direction  and  nulls  in  the  desired 
cancellation  direction.  The  process 
drivers  are  the  nulls,  not  the  peaks. 


These  beamformers  were  based  on  weighted 
and  summed  signal  eigenvectors,  using 
weights  calculated  to  satisfy  equations  17 
and  14. 

V.  DISCUSSIOH 

The  doubly  adaptive  concept  provides  a 
straightforward  solution  to  the  twopath 
DT0A  resolution  problem.  Expanded 
eigenstructure  techniques  that  yield 
solutions  to  a  larger  class  of  problems 
are  being  investigated.  Expenements 
using  the  doubly  adaptive  concept 
described  herein,  but  minus  the 
eigenstructure  processing  was  used  to  sort 
direct  path  signals  and  ionospherically 
refracted  signals.  Differential  time 
delays  of  approximately  1.9  milliseconds 
were  observed  for  both  pulse  and  phase 
modulated  rf  signals. 
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DISCUSSION 


C.  GOUTELARD 

Quelle*  sont  vos  possibility*  de  discrimination  sur  les  trajets  multiples:  nombre,  separation  temporelle? 

What  are  your  discrimination  capabilities  on  multiple  paths:  number,  temporal  separation ? 

AUTHOR’S  REPLY 

The  number  of  combinations  grow  combinatorially,  e.g.,  3  modes  lead  to  3  interpath  delays,  4  modes  to  6  mterpath  delays,  etc  The 
issue  is  even  if  the  higher  order  multipath  modes  could  be  resolved  in  terms  of  multipath  delays,  would  it  be  possible  to  infer  origin 
of  the  source  depending,  of  course,  on  how  well  ionospheric  propagation  phenomenology  (in  real  time)  can  be  known  and  used  to 
invert  the  geometry  to  locate  the  source. 

J.  BELROSE 

I  suggest  that  you  should  include  propagation  parameters  to  make  your  computer  simulation  more  realistic.  You  spoke  about 
distances  of  300  and  800  km.  Dependent  on  frequency  and  distance,  the  ground  wave  could  be  relatively  weak,  compared  with  the 
skywave,  even  for  propagation  over  sea  water. 

AUTHOR’S  REPLY 

This  is  true:  the  lower  frequencies  (say  <  10  MHz)  will  tend  to  propagate  relatively  long  distances  over  sea  water  (0  =  5 
mhos/meter,  dielectric  constant  80).  But  at  these  frequencies  (well  below  thi  oblique  incidence  MUF)  we’ll  see  multiple  skywave 
paths.  This  underlines  Professor  Goutelard’s  question  regarding  the  potential  of  our  processing  techniques'  ability  to  resolve 
multiple  paths  (i.e.,  more  than  two).  The  method  is  generalizabte  to  more  than  two  paths,  but  just  as  my  presentation  showed  there 
are  limits  to  resolvability  that  depend  on  array  size  and  especially  on  the  spectral  aperture  of  the  signal,  and  here  I  mean  specifically 
the  root  mean  square  isndwidth  of  the  signal  spectrum.  As  is  well  known  from  parameter  estimation  theory,  the  resolvability 
(actually  more  correctly  the  accuracy  of  the  estimate)  is  inversely  proportional  to  the  RMS  bandwidth.  The  cases  would  need  to  be 
evaluated  for  their  potential  depending  on  S/N,  signal  bandwidth,  and  propagation  geometry,  on  a  case  by  case  basis. 
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1.  SUMMARY 

In  this  work,  a  new  algorithm  for  multiple  emitter 
direction  finding  for  circular  arrays  is  proposed.  The 
algorithm  uses  a  single  snapshot  for  processing.  The 
observation  is  first  transformed  into  frequency  do¬ 
main.  Then,  by  using  the  Fourier  series  coefficients 
of  pattern  of  the  sensors,  it  is  transformed  into  a 
suitable  sequence.  The  linear  prediction  method  is 
applied  to  the  resulting  sequence  to  determine  the 
direction  of  arrivals  from  the  zeros  of  correspond¬ 
ing  linear  prediction  filter.  An  iterative  correction 
scheme  is  used  to  improve  the  accuracy  of  the  esti¬ 
mates.  Computer  simulations  have  been  performed 
to  evaluate  the  performance  of  the  algorithm.  It  has 
been  observed  that  the  algorithm  operates  success¬ 
fully  if  the  array  circumference  is  comparable  to  the 
wavelength. 

2.  INTRODUCTION 

High-resolution  direction-of-arrival  (DOA)  estima¬ 
tion  is  important  in  many  sensor  systems  such  as 
radar,  sonar,  electronic  surveillance,  and  seismic  ex¬ 
ploration.  In  the  simplest  case,  the  signals  received 
by  the  sensors  consist  of  scaled  and  delayed  replicas 
of  the  waveform  radiated  by  a  single  source.  In  a 
more  realistic  and  complicated  scenario,  there  may 
be  multiple  sources  and  multiple  propagation  paths 
from  the  sources  to  the  sensors. 

The  DOA  estimation  problem  has  received  consid¬ 
erable  attention  in  the  last  40  years,  and  a  variety 
of  techniques  for  its  solution  have  been  proposed. 
The  number  of  snapshots  (observation  vectors  at  the 
outputs  of  array  sensors)  required  for  processing  can 
be  used  for  classifying  these  techniques.  The  algo¬ 
rithms  that  can  use  only  one  observation  vector  may 
be  termed  as  single  snapshot  methods  while  those 
that  require  many  observations  may  be  called  mul¬ 
tiple  snapshot  methods. 

Single  snapshot  methods  can  be  seen  to  be  of  advan¬ 
tage  where  the  observation  time  should  be  small  as 
compared  to  the  incoherency  time  of  the  incoming 
signals.  Furthermore,  the  complications  that  arise 
in  data  acquisition,  storage  and  computation  due  to 
increased  number  of  snapshots,  favor  the  selection 
of  single  snapshot  methods,  especially  in  real-time 


applications. 

On  the  other  hand,  multiple  snapshot  methods  are 
based  on  the  averaging  of  the  observations.  During 
the  relatively  long  observation  time,  the  only  param¬ 
eters  that  remain  unchanged  are  the  DOAs  of  the 
signals,  while  the  other  parameters  can  change  sig¬ 
nificantly.  Therefore,  a  kind  of  separation  between 
DOAs  and  other  parameters  of  the  signals  becomes 
possible  due  to  the  time  averaging. 

Among  the  algorithms  that  can  use  a  single  snap¬ 
shot,  the  maximum  likelihood  (ML)  technique, 
Burg’s  maximum  entropy  (ME)  method,  and  linear 
prediction  (LP)  modeling  techniques  can  be  men¬ 
tioned. 

The  ML  technique  is  known  to  be  an  optimal  tech¬ 
nique  and  its  application  to  the  DOA  estimation 
problem  has  been  extensively  studied.  It  has  the 
advantage  that  it  can  be  applied  to  the  case  of  co¬ 
herent  signals  and  there  is  no  restriction  on  the  ar¬ 
ray  geometry.  The  application  of  ML  estimation 
requires  a  highly  nonlinear  optimization  procedure 
over  a  multidimensional  parameter  space.  Several 
optimization  techniques  have  been  proposed  all  suf¬ 
fering  from  high  computational  cost  and  there  is  no 
guarantee  for  global  convergence.  Recently,  two  al¬ 
gorithms  have  been  proposed  to  overcome  the  as¬ 
sociated  numerical  difficulties,  namely,  the  method 
of  alternating  projections  [1],  and  the  expectation- 
maximization  (EM)  algorithm  [2],  however,  global 
convergence  is  not  guaranteed  in  these  algorithms 
either. 

The  ME  method,  [3),  is  often  successful  and  widely 
used,  but  has  certain  limitations,  especially  bias  and 
sensitivity  in  parameter  estimates.  The  parameter 
estimates  of  the  ME  method  are  significantly  bi¬ 
ased  even  in  the  presence  of  nearly  perfect  obser¬ 
vation,  [4). 

The  LP  modeling  techniques,  [5],  were  also  adopted 
for  the  array  problem  and  stirred  much  interest 
in  the  so-called  high-resolution  estimation  proce¬ 
dures,  [6).  Model-based  approaches  have  the  distinct 
advantage  of  producing  high-resolution  estimates 
under  extremely  small  data  sample  sizes.  These 
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approaches  are  largely  restricted  to  uniform  linear 
array  geometry,  [7],  but  it  is  known  that  in  most 
cases  full  peripheral  coverage  in  directie..  finding 
(DF)  is  required,  and  circular  arrays  rather  than  lin¬ 
ear  arrays  are  desirable  because  of  their  more  com¬ 
pact  structures  and  the  inherent  symmetry  for  360° 
coverage. 

The  eigenstructure  based  methods  are  multiple 
snapshot  methods  since  they  requi.e  a  large  num¬ 
ber  of  snapshots  for  DOA  estimation,  and  their  per¬ 
formances  degrade  for  small  number  of  snapshots. 
Most  of  the  eigenstructure  based  methods  first  form 
an  estimate  of  the  covariance  matrix  by  using  many 
observation  vectors,  then  decompose  the  observed 
covariance  matrix  into  two  orthogonal  spaces,  com¬ 
monly  referred  to  as  the  signal  and  noise  subspaces, 
and  estimate  the  DOAs  from  one  of  these  spaces 
The  more  frequently  referenced  techniques  are 
MUSIC  [8],  M1N-NORM  [9],  [10],  and  ESPRIT  [11] 
The  conventional  MUSIC  does  not  have  any  restric¬ 
tion  on  array  geometry,  and  its  performance  ad¬ 
vantages  are  substantial,  but  they  are  achieved  at 
a  considerable  cost  in  computation  (searching  over 
parameter  space)  and  storage  (of  array  calibration 
data).  ESPRIT  was  introduced  to  reduce  these 
computation  and  storage  costs,  but  the  reductions 
are  achieved  by  requiring  that  the  sensor  array  pos¬ 
sess  a  displacement  invariance,  i.e.,  sensors  occur  in 
matched  pairs  with  identical  displacement  vectors 
Although  generally  applicable,  MIN-NORM  was  de¬ 
veloped  for  arrays  of  linear  equispaced  matched  om¬ 
nidirectional  sensors. 

The  eigenstructure  based  methods  are  known  to 
yield  high  resolution  and  asymptotically  unbiased 
estimates,  even  in  the  case  that  the  sources  are  par¬ 
tially  correlated.  Theoretically,  these  methods  en¬ 
counter  difficulties  only  when  the  signals  are  per¬ 
fectly  correlated.  In  practice  however,  these  algo¬ 
rithms  fail  even  when  the  signals  are  highly  corre¬ 
lated,  as  happens,  for  example,  in  multipath  propa¬ 
gation  or  in  military  scenarios  involving  smart  jam¬ 
mers. 

As  a  solution  to  this  problem,  the  idea  of  spatial 
smoothing,  has  been  suggested  by  Evans  et  al.  [12] 
and  further  developed  by  Shan  et  al  [13],  and  was 
extensively  studied  by  Williams  et  al.  [14],  and  Pil- 
lai  and  Kwon  [15].  The  spatial  smoothing  technique 
is  based  on  a  preprocessing  scheme  that  partitions 
the  total  array  of  sensors  into  subarrays  and  then 
generates  the  average  of  the  subarray  output  covari¬ 
ance  matrices,  and  therefore  is  restricted  to  arrays 
containing  translational  equivalent  subarrays  such  as 
uniform  linear  arrays,  [16].  The  averaging  process 
essentially  decorrelates  the  signals  and  thus  coher¬ 
ent  signals  can  be  resolved  by  the  application  of  any 
of  the  eigenstructure  based  algorithms.  A  disadvan¬ 
tage  of  the  spatial  smoothing  algorithm  is  that  it  sig¬ 
nificantly  reduces  the  effective  array  aperture  which 


results  in  reduction  of  the  resolving  power 

In  this  work,  we  propose  an  algorithm  for  multi¬ 
ple  emitter  DF  employing  a  uniform  circular  array 
which  uses  a  single  snapshot  of  data  from  the  array. 
This  is  an  advantage  since  most  of  the  single  snap¬ 
shot  algorithms  that  have  been  proposed  are  either 
restricted  in  the  array  structure  or  they  have  con¬ 
vergence  problems.  For  example,  LP  methods  have 
only  been  applied  to  uniform  linear  arrays  and  ML 
method  requires  an  optimization  over  a  highly  non¬ 
linear  surface. 

The  proposed  algorithm  provides  estimates  for  the 
DOAs  and  complex  envelopes  of  the  incoming  plane 
waves  in  an  iterative  fashion  First  a  transforma¬ 
tion  is  applied  on  the  observed  data  and  then  a 
model-based  approach  is  used  to  obtain  initial  DOA 
estimates,  which  are  used  to  estimate  complex  en¬ 
velopes  which  are  in  turn  used  for  improving  the 
DOA  estimates  Since  the  algorithm  is  based  on 
single  snapshot  processing,  it  has  no  restriction  on 
the  coherency  of  the  sources. 

The  paper  is  organized  as  follows.  In  Section  3,  we 
formulate  the  problem  and  present  the  proposed  al¬ 
gorithm.  Computer  simulations  that  demonstrate 
the  performance  of  the  algorithm  are  presented  in 
Section  4.  Our  concluding  remarks  are  given  in 
Section  5. 

3.  PROBLEM  FORMULATION 
The  array  under  consideration  is  a  uniform  circular 
array  composed  of  M  identical  sensors.  Assume  that 
L(L  <  M)  narrow-land  plane  waves,  at  a  known 
wavelength  A,  impinge  on  the  array  from  directions 
01.02.  ■ ,  0i  with  respect  to  the  line  of  reference  of 

the  array.  Let  r  repnsent  the  array  radius  and  let  <j>t 
be  the  angular  position  of  the  l'*'  sensor  measured 
from  the  array  reference.  The  Jt1*1  sensor  is  located 
at 

<t>k  =  for  t :  0,  . . ,  Af  -  1 .  (1) 

The  snapshot  at  the  it1*1  sensor  is 

yt=St  +  tt't,  for  k:  0,..  ,  A/  —  1 ,  (2) 

where  s*  and  wt  are  the  signal  and  noise  samples  at 
the  fc1*1  sensor,  respectively. 

The  following  assumptions  are  made  on  the  de¬ 
scribed  model  and  are  considered  valid  throughout 
the  paper: 

•  The  sensor  array  is  located  at  the  far  field  such 
that  planar  wave  expressions  can  be  used  for 
incident  waves. 

•  The  array  sensor  noise  is  zero-mean  Gaussian. 
In  addition,  the  noise  samples  are  uncorrelated 
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between  themselves,  and  have  identical  vari¬ 
ances,  a1. 

•  All  incident  waves  are  assumed  to  impinge  upon 
the  array  at  0°  elevation.  Therefore,  all  signal 
processing  algorithms  are  constrained  to  esti¬ 
mate  the  DOA  parameters  in  azimuth  only. 

Taking  the  center  of  the  circle  as  the  reference  point 
of  phase,  and  i.sing  superposition ,  the  signal  received 
by  the  k1*1  sensor  can  be  expressed  as 

s*=|>m-g  t) 

exp  (JlF  cos^'  “  77*)}  >  (3) 

for  fc  :  0, ...,M  —  1,  where  a/  is  the  complex  en¬ 
velope  of  the  l1*1  plane  wave,  and  P(-)  denotes  the 
common  pattern  of  the  antennas.  When  the  sensors 
are  omnidirectional,  P(  )  will  be  a  constant. 

Defining 

fl(0)ip(0)expO7Jcos(0)},  (4) 


a±  2*r 

P-JT’ 

(3)  can  be  rewritten  as 


**  =  £a,fl(0,-|pt),  for  k  -  1.(6) 


Since  RJyQ)  is  periodic  with  period  2t,  it  can  be  ex¬ 
panded  into  a  Fourier  series  (FS)  as 


R(ff)=  £  rne,n#, 

n=-oo 

where  r„  are  the  FS  coefficients. 
Substituting  (7)  in  (6), 


8*  =  E“<  Z  rne”‘C‘~^), 


/=!  n=-oo 


=  E  rne->»ni£o1e'",‘1  (8) 

n=-oo  1=1 

for  k  :  0, ...,M-  1. 

By  expressing  the  received  signals  in  this  form, 
the  terms  possessing  the  information  concerning  the 
DOAs,  0i,  and  the  complex  envelopes,  a/,  of  the  inci¬ 
dent  plane  waves  are  separated  from  the  terms  that 
contain  the  information  on  the  array  structure.  To 
simplify  the  notation,  let  us  define 


0t>i£a,ef*‘, 


Mk)  =  rne-'fc"‘.  (10) 

Thus,  (8)  can  be  reexpressed  as 
00 

st=  £  “"&(*).  for  k:0 . M-l.  (11) 


Since  the  array  structure  is  known,  /J„(k)  are  known 
values  and  the  unknown  parameters  of  concern  are 
included  in  q„.  Obviously,  only  the  noisy  data,  (yi), 
given  in  (2)  is  available.  For  the  moment  we  will 
omit  the  noise;  it  will  be  taken  into  account  in  the 
sequel. 

Equation  (9)  is  in  a  well-known  form  and  estima¬ 
tion  of  {0j}  and  {a,}  from  {a„}  has  been  extensively 
studied  in  the  literature.  Several  methods  have  been 
used  and  a  detailed  survey  can  be  found  in  [17]  and 
[18].  One  of  the  most  popular  techniques  that  have 
been  used  is  the  LP  method.  Ideally,  the  LP  filter 
which  filters  {o„}  will  have  zeros  at  DOAs.  How¬ 
ever,  a„  are  unknown  and  estimation  of  o>„  from 
the  observed  data  is  necessary. 

The  sequence  {ct„}  should  be  determined  from  (11). 
Apparently,  this  equation  contains  an  infinite  num¬ 
ber  of  unknowns  whereas  only  M  equations  axe  avail¬ 
able.  Therefore,  (o„)  cannot  be  determined  in  a 
straightforward  fashion.  In  order  to  overcome  this 
problem  to  an  extent,  we  decompose  the  infinite 
summation  in  (11)  into  blocks  of  length  M  as 

oo  ¥ 

‘t  =  E  E  °f«+»^M+n(k), 

»=-<»==— tf+1 

oo 

=  £  *•(*>  £  (i2) 

n=-*+t  f=-°°  n 

for  k  :  0, . . . ,  M  -  1,  where  we  have  made  use  of  the 
following  fact: 

/?,M+n(k)=iM±l>/?n(k).  (13) 

Defining 


Un=  £  (14) 

»~oo  r" 

for  n  :  (-M/2)  +  1, . . . ,  (M/2),  (12)  becomes 

* 

*»=  E  Vn/Mk),  for  k:0 . M -1.(15) 

»=-¥+» 


ftom  the  definition  of  {/„,  it  can  be  seen  that  these 
terms  are  related  to  o„  by 

U„=an  +  £  OtM+n.  (16) 

r" 

♦*0 

for  n  :  (— M/2)  + 1, . . . ,  (M/2),  and  defining  the  sec¬ 
ond  term  in  the  right  hand  side  of  (16)  as  the  dis¬ 
tortion  term, 

4.*! (17) 
**0 

for  n  :  (— Af/2)+l, ..  .,(M/2),  (16)  can  be  rewritten 
as 


i.e.,  £{r„}  -  0  and  £{r„rj,}  =  [<rV(Afr„ri)]fn,m. 
Here  £{}  is  the  expectation  operator  and  6  is  the 
Kronecker  delta. 

Since  the  estimated  values  {/„  contain  distortions 
on  an  in  addition  to  noise  terms,  it  is  necessary  to 
find  good  estimates  for  d„  in  order  to  estimate  a„ 
accurately. 

Fortunately,  the  distortion  terms,  d„,  will  not  be  too 
large  since  the  FS  coefficients  form  a  rapidly  decreas¬ 
ing  sequence  for  smooth  functions.  Therefore,  the 
infinite  sum  over  q  in  (17)  can  be  truncated  at  some 
Q  which  can  be  very  small.  The  distortion  terms 
include  at*f+n,  hence  9i  and  a;,  and  therefore,  an 
iterative  estimation  algorithm  becomes  inevitable. 

The  proposed  algorithm  can  be  summarized  as  fol¬ 
lows: 


Un-an  +  dn,  for  n:-y  +  l,..., (18) 

It  would  be  desirable  if  the  ratios  of  the  FS  coef¬ 
ficients  appearing  in  (17),  r<M+„/r„,  were  negligi- 
bly  small  for  q  yS  0  so  that  d„  «  0,  or  equivalently 
Un  ~  crn>  since  (15)  would  directly  yield  an  in  this 
case. 


The  Algorithm: 

1.  Find  V  using  (20). 

This  corresponds  to  finding  the  DFT  of  the 
snapshot  and  then  weighting  it  suitably. 

2.  Set  a„  =  V„  as  initial  estimates. 


In  practice,  the  observations  will  inevitably  be  noisy 
and  the  estimation  of  {[/„}  is  required.  We  use  the 
minimum  mean  square  error  criterion  for  this  esti¬ 
mation.  Defining 


J=Y. 

4=0 


«k-  £  U„f)n(k) 

n=-M+I 


(19) 


3.  Apply  a  standard,  forward  or  forward-backward 
LP  method  to  {d„}  in  order  to  obtain  the  pre¬ 
dictor  coefficients. 

Construct  the  polynomial  corresponding  to  the 
z-transform  of  the  LP  filter  and  find  the  roots 
of  this  polynomial. 

The_  angles  of  these  ro<-  s  are  the  estimates  for 
0|>  Vi¬ 


and  minimizing  the  mean  square  error,  J,  with  re¬ 
spect  to  U„,  for  n  :  (-M/2)  +  1, . . . ,  (M/2),  it  can 
be  shown  that 


On 


r(-n) 

Mrn  ' 


for 


M 
2  ’ 


(20) 


where  V(n)  is  the  discrete  Fourier  transform  (DFT) 
of  the  observation  sequence,  (yt),  and  the  required 
values  of  Y(~n),  for  n  :  (-M/2)  +  l,...,(A//2), 
can  be  found  by  using  the  periodicity  of  the  discrete 
Fourier  series. 

Note  that  the  solution  will  be  finite  and  unique  if 
|rn|  *  0  for  n  :  (-M/2)  +  1, . . .  ,(M/2). 

The  estimates  for  (/„,  </„,  given  by  (20)  will  differ 
from  the  exact  values  by  additive  noise  terms  as 


4.  Find  the  estimates  for  a/,  at,  which  minimize 


M- 1 

E 

4=0 


>P(e,-<4t)ei',“*(*‘_*‘) 


(22) 


This  procedure  can  be  shown  to  be  equivalent 
to  the  ML  estimation.  It  can  be  seen  that  d|  are 
obtained  by  solving  a  system  of  linear  equations. 

5.  Using  the  estimates  6t  and  aj  in  (9)  and  (17), 
obtain  estimates  for  d„  .  d„.  The  infinite  sum  in 
(17)  can  be  truncated  as  mentioned  previously. 

6.  Improve  d„  by  subtracting  d„  from  Un,  (see 
equation  (18)).  Go  to  step  3  if  convergence  is 
not  achieved. 


On  —  Un  *f* 

=  an  +  dn  +  z„,  (21) 

for  n  :•  (-M/2)  +  1,. . .  ,(M/2),  where  r„  are  the 
transformed  form  of  the  sequence  of  ui*  and  they 
are  zero-mean,  uncorrelated  with  an  equal  variances, 


The  following  points  related  to  the  algorithm  should 
be  mentioned: 

i.  The  number  of  emitters  is  a  parameter 
that  should  also  be  determined.  Ideally, 
the  order  of  the  LP  filter,  K,  should  be 
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equal  to  the  number  of  emitters,  how¬ 
ever,  the  number  of  emitters  is  not  known. 
Therefore,  the  highest  possible  order  ( JV/2 
for  forward  linear  predictor  (FLP),  and 
2A1/3  for  forward-backward  linear  predic¬ 
tor  (FBI.P),  where  1 V  is  the  data  length, 
[18])  for  the  LP  filter  can  be  chosen.  At  the 
end  of  the  algorithm  the  number  of  emit¬ 
ters  can  be  estimated  by  inspecting  [dj], 

i.e.,  if  |d||  as  0  for  some  /,/  :  1,...,A',  the 
corresponding  signals  should  be  eliminated. 

ii.  In  genera],  the  FBLP  method  is  preferred 
to  the  FLP  method,  because  the  FBLP 
method  applies  both  forward  and  backward 
predictions  to  the  same  data  set  and  in 
this  manner  some  extra  data  points  are  ob¬ 
tained  over  which  to  average  the  prediction 
errors.  Therefore,  the  FBLP  method  yields 
improved  estimates  of  predictor  coefficients 
as  compared  to  the  FLP  method,  [17],  [18]. 
Furthermore,  in  our  case  the  data  used  for 
prediction  has  no  direction  dependency,  so 
the  FBLP  method  is  very  convenient. 

iii.  The  LP  method  is  based  on  the  minimiza¬ 
tion  of  the  sum  of  the  square  of  linear  pre¬ 
diction  errors.  Actually,  a  minimization  of 
the  weighted  sum  of  these  errors  is  also  pos¬ 
sible. 

One  such  method  was  proposed  by  Nikias 
and  Scott,  [19],  in  which  the  weights  rep¬ 
resent  the  energy  of  the  data  used  to  form 
the  prediction  errors. 

The  linear  predictor  input  noise  power  is 
inversely  proportional  to  |r„|J,  and  if  the 
FS  coefficients  become  small  for  some  n, 
n  :  (— Af/2)  +  l,...,(M/2),  then  the  cor¬ 
responding  noise  power  will  be  too  high. 
Therefore,  |rn|2  can  be  used  as  weighting 
coefficients  so  that  the  terms  that  have 
more  noise  will  have  less  effect  on  the  re¬ 
sult. 

iv.  The  truncation  of  the  infinite  sum  in  step  5 
of  the  algorithm  should  be  considered.  For 
symmetric  antenna  patterns  the  FS  coeffi¬ 
cients  have  the  property  that 

r-n  —  r„ .  (23) 

As  a  special  case,  for  omnidirectional  an¬ 
tennas  the  FS  coefficients  are  found  to  be 

r n=jnM0)  (24) 

satisfying  the  property  given  by  (23),  where 
Jn(0)  is  the  Bessel  function  of  the  first  kind 
of  order  n,  and  0  is  as  defined  by  (5). 

If  M  >  0,  due  to  the  following  property  of 
Bessel  functions 


Js(0 )  >  Jy(0)  if  y  >  x  when  x>  0, 

it  can  be  shown  that  the  ratios  of  the  FS 
coefficients  in  (17)  become  negligibly  small 
for  sufficiently  large  values  of  q,  and  the 
truncation  of  the  infinite  sum  is  justified. 
Considering  (17),  it  can  be  easily  seen  that 
for  q  =  —  1  the  ratio  of  the  FS  coefficients 
which  satisfy  the  property  given  by  (23), 
becomes  unity  for  n  =  Af/2,  resulting  in 
significant  distortion. 

Due  to  this  fact,  in  the  application  of  the 
LP  techniques  we  prefer  to  use  the  sequence 
of  dn,  for  n  :  (- M/2)  +  1, . . . ,  (M/2)  -  1, 
excluding  the  information  corresponding  to 
n  =  Af/2 

v.  The  estimates  of  $i  and  at  are  obtained 
in  different  steps.  This  parameter  separa¬ 
tion  simplifies  the  nonlinear  optimization 
problem  by  reducing  the  dimension  of  the 
parameter  space  over  which  optimization 
should  be  performed. 

vi.  Simulation  results  have  shown  that  the  al¬ 
gorithm  described  above  performs  well  in 
most  cases.  However,  in  some  instances  an 
oscillatory  behavior  was  observed.  In  or¬ 
der  to  prevent  this  undesirable  behavior  the 
following  modification  was  made  in  step  6: 

an  =  U„~yd„.  (25) 

where  y  is  chosen  to  be  close  to  but  less 
than  unity. 

4.  SIMULATION  RESULTS 
In  order  to  demonstrate  the  performance  of  the  pro¬ 
posed  algorithm  under  various  situations,  several 
computer  simulations  have  been  conducted.  In  all 
the  simulations,  eight  isotropic  sensors,  M  =  8,  and 
two  narrow-band  emitters,  L  =  2,  were  considered. 

To  observe  the  effect  of  the  array  size  on  the  per¬ 
formance  of  the  algorithm,  six  different  values  of  0, 
namely,  0  =  0  5, 1, 1.5, 2, 2.5, 3  were  considered.  For 
all  these  values  of  0,  two  different  signal-to-noise  ra¬ 
tios  (SNR),  100  dB  and  80  dB  were  studied.  The 
SNR  is  defined  as  SNR  =  101og(SP/<r2),  where  SP 
is  the  maximum  signal  power,  i.e., 

SPiinax(|ai|3), 

and  a1  is  the  average  noise  power. 

In  all  these  cases  the  two  emitters  were  located  at 
0°  and  10°,  and  the  incoming  signals  were  assumed 
to  arrive  with  the  same  phase,  0°,  and  their  magni¬ 
tudes  being  1  and  0.5,  respectively.  In  these  simu¬ 
lations  100  runs  were  performed  and  the  root-mean- 
square  (RMS)  error  of  the  estimates  for  each  DOA 
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were  computed.  These  results  are  compared  to  the 
Cramer-Rao  lower  bound  (CRB),  (20],  for  each  case. 

In  the  3rt*  step  of  the  algorithm,  the  weighted  FBLP 
method  with  |r„|J  as  weighting  coefficients,  was 
used.  The  order  of  the  LP  filter  was  chosen  to  be 
equal  to  the  number  of  emitters,  i.e.,  K  —  L.  In  the 
51*1  step  of  the  algorithm,  the  infinite  sum  was  trun¬ 
cated  at  Q  =  1,  since  the  results  were  not  improved 
by  choosing  a  higher  value  oSQ.  In  finding  an,  given 
by  (25),  7  was  chosen  to  be  0.9999. 

The  simulation  results  are  summarized  in  Table  1 
and  Table  2  for  SNR  =  100  dB,  and  SNR  =  80  dB, 
respectively.  The  tables  include  the  resulting  RMS 
errors  (in  degrees)  of  the  estimates  of  both  DOAs 
along  with  the  number  of  iterations  required  for  con¬ 
vergence.  The  CRBs  (in  degrees)  are  also  given  for 
comparison.  The  convergence  criterion  is  mainly 
based  on  the  cost  function,  given  by  (22),  and  the 
convergence  threshold  is  chosen  to  be  5A/o2,  where 
Met'1  is  the  average  array  noise  power.  However,  mi¬ 
nor  modifications  have  also  been  included  to  deal 
with  special  cases. 


Table  1:  Comparison  of  CRB  and  RMS  errors  obtained 
from  100  trials  for  SNR  =  100  dB,  with  8  sensors, 
tf,  =  0°,a,  =  UO  \0i  =  10°,  a2  =  O^O0. 


a 

Number  of 

Kliiil 

■;KM 

■sum 

■mu 

iterations 

EH 

EE2H21 

Ema 

KU 

«'*'**■ 

EttMl 

Ei&ll 

■mi 

EH 

■m-v.'M 

E1E2J 

HHSHI 

EH 

KX&an 

IEX2B9 

EE2Z1I 

■m 

EH 

Ifc&tUill 

K'Mt.’S 

■a  Aim 

■UMl 

Km  EMM 

■sums 

Table  2:  Comparison  of  CRB  and  RMS  errors  obtained 
from  100  trials  for  SNR  =  80  dB.  with  8  sensors. 

0t  =0  °,a,  =  UO\02  =  10°, o2  =0.5Z0°. 


m 

«■(<)<*.) 

Number  of 

'HI 

■aaai 

iterations 

EH 

I  MESH 

■CMB 

lEEEffil 

wSm\ 

— 

EQ 

lEia 

■'I.lA.'K 

■>n,-»;.y 

\mmsam 

EH 

lEssa 

HKSSB 

EO 

■ntw; 

EQSI 

EJEill 

EIBB&BB 

EH 

EES21 

EMM 

EMI 

EH; 

1  EE2M 

Egga 

IEEB1 

EES!, 

1  50-100 

The  “ — ”  entries  in  Table  2  indicate  that  the  corre¬ 
sponding  results  arc  not  reliable,  since  the  algorithm 
did  not  work  satisfactorily  for  that  case.  Therefore, 
these  results  are  not  included. 

The  SNRs  below  80  dB  were  not  considered,  since 
the  CRBs  for  lower  SNR  become  excessive.  For  ex¬ 


ample,  the  CRB  for  02  will  be  5.27  for  SNR  =  60  dB 
and  0=1.  This  shows  that  at  least  70-80  dB  SNR 
is  required  for  acceptable  resolution  in  this  specific 
problem.  If  the  DOAs  are  more  separated,  operation 
down  to  about  40  dB  is  possible. 

Observations  on  the  results: 

•  The  CRB  decreases  as  0  increases,  approxi¬ 
mately  by  1/05.  This  behavior  is  expected  since 
a  larger  array  dimension  provides  better  resolu¬ 
tion. 

•  For  moderate  or  small  values  of  0,  the  ratio  of 
the  RMS  error  to  the  CRB,  for  each  DOA,  is  be¬ 
tween  2  and  6.  This  deviation  is  explained  by 
the  fact  that  the  CRBs  are  obtained  by  consid¬ 
ering  all  the  parameters  at  the  same  time,  i.e., 
assuming  a  joint  estimation.  However,  the  pro¬ 
posed  algorithm  is  based  on  parameter  separa¬ 
tion  which  is  inherent  in  the  LP  method.  There¬ 
fore,  the  estimates  of  DOAs  and  complex  en¬ 
velopes  cannot  be  obtained  simultaneously.  The 
estimates  of  complex  envelopes  are  only  used  to 
estimate  the  distortion  and  to  improve  the  re¬ 
sults.  The  reason  why  CRB  is  considered  is  that 
it  provides  a  frame  of  reference,  i.e.,  the  best  res¬ 
olution  theoretically  achievable.  However,  all 
suboptimal  (and  practical)  methods  can  only 
attain  errors  which  can  be  considerably  higher 
than  CRB. 

•  The  ratio  of  the  RMS  error  to  the  CRB  is 
generally  smaller  for  SNR  =  80  dB  than  that 
for  SNR  =  100  dB,  for  a  given  0  and  for  each 
DOA.  It  is  conjectured  that  for  SNR=  100  dB 
the  distortion  term  dominates,  whereas  for 
SNR  —  80  dB  the  noise  term  is  dominant. 

•  For  large  values  of  0,  the  ratio  of  the  RMS  er¬ 
ror  to  the  CRB,  for  each  DOA,  becomes  larger. 
This  is  due  to  the  increase  in  the  distortion. 
Therefore,  the  algorithm  in  its  current  form 
seems  to  be  suitable  for  the  cases  in  which  the 
array  sizes  should  be  relatively  small  such  as  in 
HF  and  VHF  DF  systems  on  mobile  platforms. 

•  Although  not  shown  in  the  tables,  similar  ob¬ 
servations  have  been  made  for  the  estimates  of 
complex  envelopes. 

•  For  small  or  moderate  values  of  0,  the  algorithm 
converges  in  a  few  iterations.  However,  the  av¬ 
erage  number  of  iterations  required  for  conver¬ 
gence  increases  significantly  as  0  increases.  Ac¬ 
tually,  an  oscillatory  behavior  is  observed  for 
such  cases.  For  example,  for  0  =  3  most  of  the 
iterations  were  stopped  without  satisfying  the 
aforementioned  criterion  since  the  maximum  it¬ 
eration  limit  was  exceeded.  This  is  thought  to 
be  due  to  the  fact  that  the  distortion  term  gets 
larger  as  0  grows. 
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5.  CONCLUSIONS 

A  new  algorithm  for  estimating  the  directions  of 
multiple  emitters  by  employing  a  circular  array 
whi-h  uses  a  single  snapshot  is  proposed.  The  algo¬ 
rithm  is  inherently  insensitive  to  correlation  among 
the  emitters,  since  it  uses  a  single  snapshot.  The  ge¬ 
ometry  suitable  for  complete  azimuthal  coverage. 

It  is  observed  through  computer  simulations  that 
the  performance  of  the  algorithm  is  quite  satisfac¬ 
tory  when  the  array  circumference  is  in  the  order  of 
the  wavelength.  Thus,  the  method  seems  to  be  suit¬ 
able  for,  for  example,  mobile  platforms  in  HF-VHF 
bands. 

Currently,  -he  problem  of  obtaining  convergence  for 
larger  array  sizes  is  being  studied.  Also,  perfor¬ 
mance  of  the  alj'-ithm  for  sensor  patterns  other 
than  the  omnidirectional  will  be  investigated. 

References 

[1]  Ziskind,  I.  and  Wax,  M  ,  “Maximum  Likelihood 
Localization  of  Multiple  Sources  by  Alternating 
Projection”,  IEEE  Trans  Acoust.,  Speech,  Sig¬ 
nal  Processing,  36, 10,  Oct.  198-3,  pp  1553-1560. 

[2]  Feder,  M.  and  Weinstein,  £.,  “Parameter  Esti¬ 
mation  of  Superimposed  Signals  Lsing  The  EM 
Algorithm”,  IEEE  TVans.  Acoust.,  Speech,  Sig¬ 
nal  Processing,  36,  4,  Apr.  1988,  pp  477-489. 

[3]  Burg,  J.P.,  “Maximum  Entropy  Spectral  Anal¬ 
ysis”,  Ph.D.  dissertation,  Stanford  Univ.,  Stan¬ 
ford,  CA,  1975. 

[4]  Jaynes,  E.T.,  “On  The  Rationale  of  Maximum 
Entropy  Methods”,  Proc.  IEEE,  70,  9,  Sept. 
1982,  pp  939-952. 

[5]  Tufts,  D.W.  and  Kumaresan,  R.,  “Estimation 
of  Frequencies  of  Multiple  Sinusoids  Making 
Linear  Prediction  Perform  Like  Maximum  Like¬ 
lihood”,  Proc.  IEEE,  70,  9,  Sept.  1982, 
pp  975-989. 

[6]  Johnson,  D.H.,  “The  Application  of  Spec¬ 
tral  Estimation  Methods  to  Bearing  Estima¬ 
tion  Problems”,  Proc.  IEEE,  70,  9,  Sept.  1982, 

pp  1018-1028. 

[7]  Haykin,  S.,  “Radar  Array  Processing  for  Angle 
of  Arrival  Estimation”,  in  “Array  Signal  Pro¬ 
cessing”,  Haykin, S.,  Ed.,  Engl«wood  Cliffs,  NJ, 
Prentice-Hall,  1984,  pp  194-292. 

[8]  Schmidt,  R.O.,  “Multiple  Emitter  Location 
and  Signal  Parameter  Estimation",  IEEE 
TVans.  Antennas  Propagat ,  3f,  3,  Mar.  1986, 
pp  276-280. 

[9]  Kumaresan,  R.  and  Tufts,  D.W.,  “Estimat¬ 
ing  The  Angles  of  Arrival  of  Multiple  Plane 


Waves”,  IEEE  TVans  Aerosp.  Electron.  Syst., 
19, 1,  Jan.  1983,  pp  134-139. 

[10]  Reddi,  S.S.,  “Multiple  Source  Location  -  A  Dig¬ 
ital  Approach”,  IEEE  TVans.  Aerosp.  Electron. 
Syst.,  15,  1,  Jan.  1979,  pp  95-105. 

[11]  Roy,  R.H.,  “ESPRIT  -  Es'imation  of  Sig¬ 
nal  Parameters  via  Rotational  Invariance  Tech¬ 
niques”,  Ph.D.  dissertation,  Stanford  Univ., 
Stanford,  CA,  1987. 

[12]  Evans,  J.E.,  Johnson,  J.R.,  and  Sun,  D.F., 
“High  Resolution  Angular  Spectrum  Estima¬ 
tion  Techniques  for  Terrain  Scattering  Analysis 
and  Angle  of  Arrival  Estimation”,  in  Proc.  1st 
ASSP  Workshop  Spectral  Estimation,  Hamil¬ 
ton,  Ont.,  Canada,  1981,  pp  134-139. 

[13]  Shan,  TJ.,  Wax,  M.,  and  Kailath,  T.,  “On  Spa¬ 
tial  Smoothing  for  Direction-of-Arrival  Estima¬ 
tion  of  Coherent  Signals”,  IEEE  Trans.  Acoust., 
Speech,  Signal  Processing,  33,  4,  Aug.  1985, 

pp  806-811. 

[14]  Williams,  R.T.,  Prasad,  S.,  Mahalanabis,  A.K., 
and  Sibul,  L.H.,  “An  Improved  Spatial  Smooth¬ 
ing  Technique  for  Bearing  Estimation  in  a  Mul¬ 
tipath  Environment”,  IEEE  Trans.  Acoust., 
Speech,  Signal  Processing,  36,  4,  Apr  1988, 
pp  425-432 

[15]  Pillai,  S  U.  and  Kwon,  B.H  ,  “Forward- 
Backward  Spatial  Smoothing  Techniques  for 
Coherent  Signal  Identification”,  IEEE  TVans. 
Acoust.,  Speech,  Signal  Processing,  37,  1,  Jan. 
1989,  pp  8-15. 

[16]  Cadzow,  J.A.,  “A  High  Resolution  Direction-of- 
Arrival  Algorithm  for  Narrow-Band  Coherent 
and  Incoherent  Sources”,  IEEE  Trans.  Acoust., 
Speech.  Signal  Processing,  36,  7,  July  1988, 
pp  965-979. 

[17]  Kay,  S.M.,  “Modern  Spectral  Estimation: 
Theory  and  Application”,  Englewood  Cliffs, 
NJ,  Prentice-Hall,  1963  (ISBN  0-13-598582-X). 

[18]  Marple,  S.LJr.,  “Digital  Spectral  Analysis 
with  Applications”,  Englewood  Cliffs,  NJ, 
Prentice-Hall,  1987  (ISBN  0-13-214149-3). 

[19]  Nikias,  C.L.  and  Scott,  P.D.,  “The  Covariance 
Least-Squares  Algorithm  for  Spectral  Estima¬ 
tion  of  Processes  c.  Short  Data  Length”,  IEEE 
TVans.  Geosci.  Remote  Sensing,  31,  Apr.  1983, 
pp  180-190. 

[20]  Van  Trees,  H.L.,  “Detection,  Estimation,  and 
Modulation  Theory  :  Part  I”,  NY,  Wiley,  1968. 


38-8 


DISCUSSION 


G.  MULTEDO 

this  method  is  in  extension  of  the  linear  prediction  for  linear  arrays  to  circular  arrays.  Have  you  taken  the  effect  of  correlation  in 
the  multipaths  into  account? 

AUTHOR'S  REPLY 

The  method  is  insensitive  to  condition  in  the  paths. 

R.  JENKINS 

At  HF.  the  calibration  of  antennas  can  be  a  problem.  Have  you  considered  the  effect  of  errors  or  uncertainties  in  the  gains  of  the 
individual  dement  antennas  on  your  results? 

AUTHOR’S  REPLY 

this  problem  has  not  been  considered  yet. 
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Abstract 

This  paper  prtscnis  two  examples  of  low  level  strate¬ 
gies  using  multtsensor  data  fusion,  one  for  bridge  ex¬ 
traction,  and  one  for  urban  area  extraction.  These 
extractions  are  made  from  a  couple  of  cortgisired 
Synthetic  Aperture  Radar  (SAR)  and  SPOT  images. 
These  features  are  very  different  by  their  dimensions, 
their  shape,  and  their  radtometry  Thus  we  can  prove 
the  reliability  of  our  approach  on  various  types  of  fea¬ 
tures.  Our  method  uses  the  notion  of  complementar¬ 
ity  of  each  sensor,  and  the  notion  of  context  in  the 
observed  scene.  For  bridge  detection,  we  first  segment 
water  in  the  SPOT  image,  to  spattally  constrain  the 
bridge  research  in  the  SAR  image.  This  research  is 
achieved  using  a  correlation  method.  To  detect  an  ur¬ 
ban  area,  we  first  use  the  knowledge  that  if  produces 
very  bright  texture  m  SAR  imagery.  Thus,  the  mam 
part  of  urban  backscatters  is  extracted  using  an  adap- 
laltve  thresholding  which  keeps  the  upper  band  of  the 
gray  level  histogram  of  the  SAR  image.  This  mask  ts 
then  used  for  classification  as  a  training  mask  of  ur¬ 
ban  area  texture  in  SPOT  image.  We  determine  the 
non  urban  zone  training  set  using  a  distance  map  of 
the  Brian  training  zone  boundaries.  Classification  is 
performed  with  a  multivariate  Gaussian  classtfier.  The 
results  we  obtained  are  very  encouraging  ,  especially 
if  we  consider  the  robustness  of  the  bridge  detection 
method. 

1  INTRODUCTION 

For  many  years,  remotely  sensed  images  with  high 
resolution  (I0-20m)  have  proven  their  usefulness  for 
land  description  and  scene  analysis.  Nevertheless, 
high  resolution  implies  high  complexity  in  images, 
making  the  analysis  more  difficult.  Further  more,  high 
resolution  forward  the  detection  of  objects  which  are 
more  and  more  complex  and/or  small.  For  those  kinds 
of  objects,  sensor  description  reliability  can  be  very- 
poor  and  low-level  techniques,  commonly  employed  to 
extract  those  objects,  suffer  from  this  restricted  de¬ 
scription. 

So  it  becomes  a  necessity  to  use  multisensor  systems 
to  have  different  pointfe  of  view  from  the  scene.  In  this 
way,  you  can  use  the  best  of  each  sensor  to  complete 
the  deficiency  of  the  others,  or  use  the  redundancy 
between  the  sensors  to  increase  the  reliability  of  each. 


But  to  best  use  complementarity  and  redundancy  of 
sensors,  we  need  to  know  exactly  the  nature  of  each 
sensor,  its  geometry,  and  the  way  images  are  acquired 
and  computed. 

In  this  paper,  we  will  focus  on  data  fusion  of  coreg- 
istred  Synthetic  Aperture  Radar  (SAR)  images  with 
images  obtained  in  the  optical  band  or  the  near  in¬ 
frared  with  the  French  satellite  SPOT. 

Satellite  SAR  is  an  active  system.  It  emploies  co¬ 
herent  microwaves  to  generate  images  of  terrain  Each 
pixel  of  the  image  is  the  result  of  the  estimation  of  the 
reflectivity  distribution  of  the  terrain  at  a  given  wave¬ 
length,  polarization  and  viewing  angle.  Because  SAR 
provides  its  own  source  to  illuminate  the  target,  it 
can  be  operated  independently  of  weather  influenced 
solar  illumination,  and  hence  has  a  great  advantage 
over  optical  sensors.  However,  the  usefulness  of  SAR 
data  for  automatic  extraction  is  limited  by  geometric 
distortion,  speckle  noise  due  to  coherent  acquisition, 
number  of  effective  grey  levels  available  to  represent 
terrain  feature,  and  influence  of  illumination  parame¬ 
ters  (polarization,  viewing  angle  .)  over  backscatters. 

Our  objective  is  to  make  a  system  of  scene  analysis 
with  improved  performances  and  reliability,  compared 
to  an  architecture  using  a  single  sensor  In  this  paper, 
we  focus  on  bridge  detection,  and  urban  area  extrac¬ 
tion.  This  two  types  of  features  are  very  different  by 
their  dimensions,  their  shape,  or  their  radiometry,  so 
we  can  prove  the  reliability  of  our  approach  on  various 
types  of  features. 

After  a  brief  review  of  previous  works  in  multisensor 
data  fusion  (section  2),  we  will  describe  in  detail,  in 
section  3,  the  two  low-level  strategies  we  chose  to  illus¬ 
trate  our  fusion  methodology.  Then  different  results 
are  presented  in  section  A  and  a  short  presentation  of 
our  future  works  will  end  this  article. 

2  PREVIOUS  WORK 

Luo  el  at  [14]  make  a  distinction  bet  ween  two  different 
types  of  studies  in  multisensor  fusion.  The  first  one, 
called  dr  la  fusion  refers  to  each  step  of  any  process 
that  exploit  multisensor  data  for  a  given  purpose  since 
this  step  combines  informations  coming  trom  different 
sources.  The  second  called  data  integration  is  defined 
as  the  entire  structure  that  manages  each  data  fusion 
step. 
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Data  Fusion  : 

One  part  of  multisensor  or  multispectral  data  ex¬ 
ploitation  has  been  made  to  improve  manual  human 
interpretation  of  scenes.  Commonly  used  approaches 
merge  data  from  different  sensors  using  the  specificity 
of  each.  For  example,  Chavez,  in  [1],  merges  spatial 
information  of  a  sensor  with  spectral  information  of 
an  other  while  Welch  el  al  [17]  use  the  Intensity  Hue 
Saturation  (I.H.S.)  color  transform  described  in  [8] 
to  extract  cartographic  feature  from  Shuttle  Imaging 
Radar-B  (SIR-B)  images  and  Landsat  Thematic  Map¬ 
per  images. 

On  the  other  hand,  work  on  machine  oriented  data 
analysis  using  multisensor  fusion  can  be  divided  into 
two  parts.  The  first  one  deals  with  probabilistic  ap¬ 
proaches.  One  method,  the  simplest,  consists  in  form¬ 
ing  a  vector  of  data  per  pixel,  each  component  of  the 
vector  referring  to  one  source.  These  vectors  are  then 
treated  by  a  classifier  as  attribute  vectors  of  a  single 
source  [18].  Lee  ef  al  [11]  suggest  a  more  general 
scheme  employing  a  global  membership  function,  (si¬ 
milar  to  a  joint  posterior  probab  'ity)  derived  from 
every  source  However,  the  problem  of  this  approach 
is  that  it  requires  similarity  among  sources  and  prob¬ 
abilistic  modeling  which  are  not  suitable,  for  instance, 
to  mix  spectral  data  and  elevation  data  [llj. 

Thus,  a  second  approach  has  been  studied. 
This  one,  called  the  evidential  approach,  uses  the 
Dempster-Shafer  theory  of  evidence.  This  method 
takes  advantage  on  probabilistic  one  by  representing 
ignorance.  Supporting  evidence,  plausible  evidence, 
uncertainty  of  decision  and  conflict  between  sources 
are  deduced  from  a  mass  function  (that  represents  ev¬ 
idence)  and  Dempster  rules  In  [6],  the  formal  method 
is  introduced,  and  two  computationally  efficient  ap¬ 
proaches  to  the  theory  are  presented  in  [1 1]  and  [12]. 

Data  Integration 

In  [15],  an  architecture  using  a  whiteboard  (black¬ 
board  which  supports  parallelism  in  the  knowledge 
source  modules)  is  used.  In  this  architecture,  each 
low  level  specialist  p.ocesses  naturally  one  sensor  set 
of  data.  Then  the  results  of  those  specialists  are  com¬ 
bined  for  interpretation.  In  general,  guidance  of  the 
system  is  as  much  top-down  as  possible,  and  so,  ex¬ 
ploits  complementarity  of  sensors  rather  than  com- 
petitivity  between  them.  This  architecture  is  tested 
in  the  context  of  a  robot  vehicle  called  NAVLAB. 

In  [7],  the  fusion  of  the  information  is  made  at 
a  mid-level  of  interpretation.  Features  of  different 
types  called  globally  “tokens”  are  combined  using  a 
constraint-based  approach  Application  uses  region 
and  line  tokens  for  texture  measure. 

At  last,  [10]  presents  a  complete  neural  architecture 
which  contains  Autonomous  Agent  whose  functions 
are  to  use  explicit  description  of  context  to  classify 
situations  and  objects,  and  to  perform  some  action  in 
response  to  it. 

Methods  we  are  now  going  to  present  are  Data  in¬ 
tegration  methods  (as  previously  called).  As  in  [7], 


fusion  of  the  information  is  made  at  a  mid-level  of  in¬ 
terpretation.  Nevertheless,  extracted  features  are  not 
combined,  but  are  used  to  detect  other  features.  Like 
this,  we  fully  exploit  the  complementarity  of  our  sen¬ 
sors. 

3  EXAMPLES  OF  LOW-LEVEL  STRATE¬ 
GIES 

Now  we  focus  on  two  interesting  examples  of  feature 
extraction  using  data  fusion.  The  aim  is  to  extract 
bridges  and  urban  areas.  These  features  are  inter¬ 
esting  for  their  spatial  differences  :  a  bridge  is  a  mi¬ 
croscopic  object  in  the  image  while  urban  area  is  a 
macroscopic  object.  In  our  work,  we  assume  that  SAR 
images  are  exactly  superimposed  to  SPOT  images.  So 
images  are  registred. 

3.1  Bridge  extraction 

The  bridge  detection  problem  is  very  hard  to  solve 
using  only  one  sensor  .  in  multispectral  SPOT  im¬ 
ages,  information  about  bridges  is  absent  (in  SPOT 
XS3)  or  very  weak  (in  SPOT  XS1  and  XS2).  In  SAR 
images  backscatters  of  bridges  can  be  very  high  but 
shapely  not  very  characteristic.  Thus  the  multisen¬ 
sor  approach  becomes  a  necessity  to  make  an  effective 
and  reliable  detection.  Moreover,  bridge  dimensions 
are  near  the  resolution  limit  of  the  sensors  we  use  to 
detect  them,  and  we  have  to  use  the  context  in  which 
we  find  bridges  This  context  is  mainly  represented 
by  two  kinds  of  features  :  roads  and  rivers.  We  are 
now  going  to  present  the  bridge  detection  strategy  in 
the  context  of  rivers.  Wat«*i  happens  to  be  very  easy 
to  detect  in  near  infrared  images  in  which  it  appears 
very  dark,  and  we  know  that  the  most  reliable  sensor 
to  detect  bridges  is  the  radar  So  our  method  proceeds 
in  two  steps  • 

•  First  we  detect  the  river  in  the  SPOT  XS3  image. 

•  Then  we  use  this  segmentation  as  a  research  mask 
in  the  SAR  image  to  detect  bridges. 

The  detection  of  bridges  in  SAR  image  is  then  spa¬ 
tially  constrained  and  becomes  easier.  As  we  can  see, 
the  base  of  our  method  is  the  complementarity  of  the 
sensors  we  use. 

3.1.1  River  segmentation 

We  use  a  region  growing  algorithm.  The  principle  of 
region-growing  is,  from  a  seed  point,  to  spread  under 
constraint  the  initial  region  (pixel)  to  boundary  pixels 
of  the  region  (neighbours).  The  constraint  we  set,  uses 
a  modeling  of  the  energy  repartition  in  the  grey-level 
cooccurrence  matrices  (joint  histogram)  of  the  region 
being  grown  [9].  Because  we  take  pixels  with  darkest 
gr.-y  levels  as  seed  points,  this  methods  segments  dark 
regions  of  the  image. 
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Then  we  have  a  pattern  recognition  step  to  perform. 
To  do  that,  we  use  the  skeleton  of  objects  previously 
detected.  Assuming  that  rivers  are  quite  long  and 
thin,  the  recognition  attribute  is  defined  as  : 

_  pixel  length  of  the  skeleton 
number  of  branches  of  the  skeleton 

For  river,  this  ratio  may  be  high  while  for  compact 
objects,  which  have  many  small  branches,  it  may  be 
quite  small. 

The  last  step  is  a  merging  step.  A  river  could  have 
been  partially  detected,  and  be  formed  by  more  than 
one  object.  To  group  these  objects,  we  use  their  skele¬ 
ton  again,  checking  if  two  ends  of  skeletons  might  not 
have  the  same  direction,  an  opposite  sense,  and  the 
same  alignment.  If  this  case,  we  join  the  two  ends 
of  skeletons  with  a  line  and  pixels  of  this  new  line 
are  considered  as  seed  points  for  a  new  region  growing 
process,  spatially  constrained  inside  the  englobmg  box 
of  the  line 

We  thus  obtain  a  research  mask  for  bridges  in  the 
SAR  image.  Results  are  presented  in  section  4.1  and 
on  figure  3. 

3.1.2  Bridge  detection 

For  bridge  detection,  a  skeleton  of  the  research  mask  is 
very  useful,  because  the  skeleton’s  perpendicular  gives 
an  approximative  position  and  direction  of  a  possible 
bridge.  If  a  bridge  happens  not  to  be  perpendicular  to 
the  river,  its  backscatter  shape,  which  widens  at  the 
bank  of  the  river,  may  allow  the  skeleton’s  perpendic¬ 
ular  to  overlap  the  main  part  of  the  backscatter.  An 
example  of  bridge  gray  level  distribution  in  a  radar 
image  is  presented  on  figure  1. 
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Figure  1:  Example  of  spatial  gray  level  distribution  of 
abridge  in  aSARimage.  0  value  represents  pixels  out 
of  the  river  mask. 


However,  the  main  problem  encountered  in  the 
bridge  detection  is  the  backscatter  dependence  from 
the  incidence  angle  of  the  radar  beam,  and  from  the 


direction  of  the  bridge  with  regard  to  the  illumination 
direction.  The  result  of  this  dependence  is  a  possible 
disappearance  of  the  bridge  backscatter. 

To  manage  this  difficulty,  we  use  a  correlation 
method  with  the  following  correlation  vector  : 

(-2  -  1  2  2  2  -  1  -2) 

which  is  a  ridge  detector  adapted  to  bridge  gray 
level  section. 

The  method  consists  in  computing  the  correlation 
in  every  pixel  of  the  skeleton’s  perpendicular,  and  to 
sum  all  these  results.  At  every  pixel,  the  correlation 
vector  i  >  positioned  in  the  skeleton  tlirection.  We  thus 
obtain  one  measure  per  pixel  of  the  skeleton  (Fig  2). 


Figure  2:  Correlation  of  bridge  backscatters  :  the  di¬ 
rection  of  the  correlation  vector  at  each  point  of  the 
skeleton’s  perpendicular  is  shown.  All  correlation  re¬ 
sults  on  the  perpendicular  are  summed 

To  minimize  the  quantificat  on  problem  of  ''onvolu- 
tion  direction,  we  locally  rotate  a  subimage  containing 
the  neighborhood  of  the  skeleton  point,  so  that  the 
tangent  of  the  skeleton  becomes  parallel  to  the  image 
raws  A  planar  interpolation  is  performed  during  this 
step.  Like  this,  each  skeleton’s  perpendicular  becomes 
parallel  to  the  rotated  image  columns,  and  correlation 
becomes  easier  to  process 

The  advantage  of  this  method  is  to  give  a  sort  of 
bridge  position  probability  and  not  to  reject  bridges 
which  backscatter  is  partial.  Results  are  presented  on 
Figure  4  in  section  4.1. 

3.2  Urban  Area  detection 

We  set  the  urban  area  detection  as  a  texture  discrim¬ 
ination  problem.  Texture  discrimination  is  a  very  dif¬ 
ficult  problem,  and  extensive  research  has  been  made 
in  this  field.  Approaches  are  commonly  characterized 
by  two  features  :  the  texture  measures,  a,!.-:  the  al¬ 
gorithm  of  classification.  For  supervised  method,  a 
third  feature  is  added  :  the  training  zone  determina¬ 
tion.  Supervised  methods  are  generally  more  robust 
since  we  introduce  in  the  process  our  knowledge  of 
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the  scene.  Nevertheless,  training  zone  determination 
make  the  method  becoming  semi-automatic. 

The  main  contribution  of  multisensor  data  fusion  in 
supervised  methods  is  to  automate  the  training  zone 
determination. 

In  the  most  general  form  of  supervised  classification, 
training  set  determination  has  to  be  made  so  that  : 

•  Information  from  one  training  zone  is  character¬ 
istic  of  one  class, 

•  Information  from  each  zone  follows  the  statistical 
modeling  you  made  (if  any), 

•  All  classes  are  represented  in  the  training  set 

However,  the  problem  addressed  here  is  slightly  dif¬ 
ferent  from  the  general  one,  since  only  one  class  is 
important  :  the  urban  class.  Thus,  the  first  recom¬ 
mendation  is  not  very  important  except  for  the  urban 
class.  We  are  now  going  to  see  how  our  method  takes 
into  account  the  other  recommendations  to  determine 
automatically  training  zones  for  classification.  We  use 
a  multivariate  Gaussian  Bayesian  classification.  How¬ 
ever.  any  other  supervised  method  using  a  statistic 
modeling  of  attributes  distribution  could  replace  our 
Bayesian  classification  process 

We  know  that  urban  areas  produce  very  brilliant 
texture  in  SAR  imagery.  So,  assuming  that  gray  level 
distribution  of  the  SAR  image  has  a  mean  m  and  stan¬ 
dard  deviation  <r,  we  extract  the  main  part  of  urban 
backscatter  by  thresholding  the  image  with  a  thresh¬ 
old  value  m  +  k  *  <r,  where  k  is  a  constant.  In  the 
Gaussian  assumption,  this  threshold  gives  a  probabil¬ 
ity  of  rejection  (false  alarm)  which  is  independent  of 
m  and  a,  but  only  k  dependent  After  removing  small 
regions  and  filling  small  holes  of  remaining  regions,  we 
obtain  a  partial  mask  of  the  urban  area  which  is  used 
as  a  training  mask  of  urban  area  texture  in  a  SPOT 
image. 

However,  some  problems  still  remain  to  determine 
the  non-urban  zone  training  set.  Three  solutions  can 
be  considered  :  the  first  one  consists  in  taking  the 
darkest  part  of  the  SAR  image  and  making  the  as¬ 
sumption  that  these  pixels  are  not  urban  area  tjpe. 
Zones  defined  in  this  way  are  very  easy  to  obtain,  by 
thresholding  the  image  as  previously,  with  a  thresh¬ 
old  value  set  to  m  —  k  *  <r  Nevertheless,  it  is  then 
very  difficult  to  check  the  reliability  of  the  textural 
information  contained  in  these  zones 

The  second  method  consists  in  considering  only  one 
texture  type  (urban)  but  introducing  a  reject  thresh¬ 
old  during  the  classification.  This  method  uses  only 
our  knowledge  of  the  scene  but  requires  the  choice  of 
the  reject  threshold  value,  which  is  scene  dependent. 

The  third  method  (that  we  have  kept)  consists  in  us¬ 
ing  a  distance  map  of  the  urban  training  zone  bound¬ 
aries.  This  map  gives,  for  each  pixel  outside  urban 
training  zones,  the  minimum  distance  to  a  boundary  of 
one  of  these  zones.  Local  maxima  of  this  map  are  the 


further  pixels  of  potential  urban  areas,  and  thus  repre¬ 
sent  the  most  probable  sites  of  non-urban  areas.  Thus, 
we  consider  these  local  maxima  as  centers  of  training 
zones  of  non-urban  areas.  Every  pixel  of  these  zones 
are  then  determined  assuming  they  are  circular  with 
a  given  surface  value  The  advantage  of  this  method 
over  the  first  one  is  that  we  control  the  number  of 
zones  and  their  surfaces.  So,  we  can  easily  check  their 
reliability  for  classification. 

As  we  have  already  said,  classification  is  achieved 
by  using  a  multivariate  Gaussian  Bayesian  classifier. 
The  criterion  we  use  to  evaluate  the  reliability  of  non- 
urban  training  zones  is  the  likelyhood  of  each  attribute 
distribution  to  the  Gaussian  model.  A  zone  is  kept 
for  training  only  if  all  attributes  distribution  follow  a 
Gaussian  model. 

So  we  make  the  training  step  of  the  classification 
totally  automatic.  Thus  we  can  use  a  robust  but  semi¬ 
automatic  supervised  method  as  an  automatic  unsu¬ 
pervised  method 

After  experiments,  we  have  selected  four  attributes 
for  classification  The  first  two  were  introduced  by 
Lowitz  [13],  and  use  local  histograms  of  an  image 
They  are  called  state  (or  phase),  and  module  of  a  lo¬ 
cal  histogram  The  state  is  the  dominant  radiometry 
index  of  the  local  histogram,  while  the  module  is  the 
sum  of  the  square  differences  between  normalized  his¬ 
togram  values  and  flat  histogram  value  Let  A'  be  the 
surface  of  a  local  window  W,  and  h,  the  normalized 
histogram  value  for  radiometry  index  i  • 

mod(hw)  =  ~ 

I 

The  third  attribute  we  use  for  classification  is  a 
Laplacian  measure  ,  and  the  fourth  is  a  gradient  ori¬ 
entation  measure  This  last  is  calculate!  ,.ng  the 
mean  gradient  vector  on  a  local  window  Cmay,  and  is 
defined  as  : 

Grad.Onentw  —  £[||  G  -  Gmoy  ||2] 

4  RESULTS 

The  coherence  needed  to  produce  SAR  images  intro¬ 
duces  a  speckle  noise  increasing  the  difficulty  of  image 
processing  In  all  our  studies  we  have  filtered  the  SAR 
images  with  the  Frost  algorithm  [3]. 

4.1  Bridge,  detection 

Method  presented  in  section  3.1  lias  been  tested  with 
a  couple  SHOT  and  SAR  SIR-B  images  representing 
a  site  of  a  region  ill  the  east  of  France.  A  river  (the 
Rhin)  appears  in  the  middle  of  images  Figure  3  shows 
the  entire  process  that  leads  to  the  river  mask  .  pic¬ 
ture  (a)  shows  the  original  SPOT  XS3  image  whose 
resolution  is  20  m  Picture  (b)  shows  the  result  of 
the  dark  region  segmentation.  The  only  parameter  of 
the  segmentation  algorithm  is  a  smoothing  parameter, 
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totallj  independent  from  the  scene.  A  morphological 
opening  is  then  processed  (picture  (c))  to  smooth  the 
result,  and  skeleton  is  calculated  (picture  (d)).  We  use 
this  skeleton  to  recognize  the  river.  The  pattern  recog¬ 
nition  parameter  A  (section  3.1)  set  to  50,  is  enough 
to  perform  this  step.  Then  we  try  to  connect  the  ends 
of  the  remaining  skeletons.  Result  is  showed  on  pic¬ 
ture  (e).  The  final  result  after  the  new  region  growing 
pass  is  presented  on  picture  (f). 

The  result  of  bridge  detection  in  the  SAR  image 
is  presentee  on  figure  4  Picture  (a)  represents  the 
original  image  with  circles  around  bridges.  We  can 
see  the  problem  of  backscatter  disappearance  on  the 
bridge  located  in  the  near  center  of  the  image,  (b) 
shows  the  research  mask,  and  (c)  represents  the  result 
of  correlation.  During  correlation,  the  value  of  pixels 
out  of  the  research  mask  was  fixed  to  the  mean  of 
the  research  mask.  As  we  can  see,  detection  of  the 
problematic  bridges  is  possible  with  this  result  (d), 
and,  all  the  bridges  have  been  detected. 

We  have  tested  this  method  on  a  coast  image  where 
wind  makes  river  gray  levels  very  different,  and,  again, 
all  bridges  were  detected  without  any  false  alarm, 
proving  the  robustness  of  the  method. 

4.2  Urban  Area  detection 

To  test  our  method  described  in  section  3.2,  we  have 
used  a  couple  of  SPOT  SAR  Seasat  images  containing 
a  coast  town.  Figure  5.(a)  shows  the  original  SAR  im¬ 
age  which  is  very  noisy  though  it  was  speckle  filtered, 
(b)  shows  the  threshold  result  with  k  =  1.  Picture  (c) 
represents  the  final  training  set  we  have  used  for  clas¬ 
sification.  circular  regions  are  non  urban  area  train¬ 
ing  zones.  At  this  step,  we  have  suppressed  small  re¬ 
gions  of  urban  training  set  (whose  maximum  distance 
to  boundaries  inside  the  region  inferior  to  6  pixels)  and 
fill  up  holes  (which  surfaces  were  inferior  to  70  pixels). 
Picture  (d),  shows  the  original  SPOT  XS3  image  used 
for  classification,  and  picture  (e)  shows  a  urban  area 
mask,  determined  manually  on  a  cartographic  map  of 
the  region.  Finally,  picture  (f)  shows  the  final  result 
after  classification  and  cleaning  (as  performed  previ¬ 
ously  for  primary  urban  mask). 

5  CONCLUSION 

This  paper  presented  two  low  level  strategies  we  have 
used  for  bridge  and  urban  area  extraction.  These 
methods  take  explicitly  into  account  the  complemen¬ 
tarity  of  sensors  and  our  knowledge  about  object  gray 
level  distribution  in  each  of  the  sensors.  The  results 
we  obtained  are  very  encouraging  and  further  works 
have  to  be  done  to  integrate  these  low  level  strategies 
in  a  general  system  of  scene  analysis.  The  architecture 
of  such  a  system  is  fundamental,  and  has  to  managed 
the  communication  requests  of  all  part  of  the  system, 
while  being  adaptable  enough  to  allow  integration  of 
new  entity.  That  is  why  we  choose  a  Blackboard  ar¬ 


chitecture  for  our  system  This  architecture  uses  the 
concepts  of  the  system  called  MESSIE  (Multi  Special¬ 
ist  Expert  System  for  Scene  Interpretation  and  Eval¬ 
uation),  which  was  successfully  tested  on  roads  and 
buildings  detection  in  aerial  images  [4],  [5).  Such 
systems  are  adapted  to  multisensor  data  fusion  in  the 
sense  that  they  allow  an  easy  incorporation  of  new 
knowledges,  and  an  easy  cooperation  between  special¬ 
ists.  The  global  strategy  of  our  system  is  to  use  the 
context  of  the  objects  we  want  to  extract,  and  the 
idea  of  evident  objects.  These  two  features  help  the 
system  to  find,  at  any  moment  of  the  reasoning,  its 
potentiality  to  detect  an  object. 
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DISCUSSION 


E.SCHWEICHER 

Pourriez-vous  ^valuer  l'augmentation  d e  la  probability  de  detection  et/ou  la  diminution  de  la  probability  do  fausse  alarme  de  la 
fusion  de  donnfes  par  rapport  aux  probability!  conespondantes  caractyrisant  le  radar  seul? 

Could  you  assess  the  increase  in  probability  of  detection  andlor  decrease  in  the  probability  of  false  alarm  resulting  from  data  fusion 
compared  to  the  corresponding  probabilities  characterising  the  radar  only? 

AUTHOR’S  REPLY 

Stfphane  Houzelk  pourrait  quantitativement  rfpondre  3  la  question.  Qualitativement,  l'amyiioration  est  trts  impoitante  quant  3  la 
robustesse  de  1’extraction  cn  permettant  de  s'affranchir  des  problimes  dus  3  un  simple  aeuillage. 

Stephare  Houielle  could  give  a  quantitative  reply  to  this  question.  Qualitatively,  the  improvement  is  considerable  with  respect  to 
the  strength  of  the  extraction,  thereby  overcoming  any  problems  caused  by  simple  thresholding. 
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SUMMARY 

This  paper  is  a  product  of  theoretical  and  practical 
work  done  with  geostationary  and  low  earth-orbi  ting 
(SARSAT)  satellites.  Reliability,  efficiency  and  cost 
considerations  have  resulted  in  an  all  digital 
implementation  with  standard  processors. 

The  analog  signal  is  represented  by  complex  samples 
calculated  from  real  sampling  with  an  algorithm 
based  on  an  original  concept. 

Any  telecommunication  (or  radar)  signal  is 
represented  by  reversible  transformations  of  a 
sinusoidal  carrier.  Maximum  likelihood 
synchronization  and  demodulation  must  be  used  and 
consists  of  reconstructing  the  "best"  carrier  from  the 
received  signal.  Depending  on  the  uncertainty  level, 
one  tries  a  certain  number  .  time-frequency 
hypotheses,  and  for  each  hypothesis,  one  makes 
optimum  estimations  of  3  carrier  parameters  : 
modulus,  phase  and  frequency. 

Since  one  deals  with  one  circular  function,  it  is 
straighforward  to  develop  the  phase,  so  that  phase 
and  frequency  are  the  2  parameters  defining  a 
straight  line  in  the  developed  phase-time  plane.  The 
2  corresponding  estimators  are  decorrelated. 

For  a  terrestrial  vehicle,  one  can  have  a  good 
estimation  of  its  velocity,  and  even  for  a  stationary 
satellite  there  is  an  apparent  periodical  known 
motion,  which  can  be  used  to  locate  the  vehicle  by 
a  convenient  combination  of  elementary 
estimations.  Of  course  some  frequency  spreading, 
clock  stability  and  delay  art  necessary,  but  explicit 
performance  is  easy  to  derive  as  functions  of 
operational  conditions.  Analysis  of  numerical 
results  may  suggest  useful  practical  systems. 


I.  INTRODUCTION 

The  SARSAT  system  has  been  designed  to  locate 
terrestrial  radio  beacons  emissions  (406  MHz)  using 
the  doppler  measured  by  a  low  orbiting  satellite 
(800  km). 

For  operational  purposes  (alarm  delay,  beacon 
oscillator  frequency),  however,  it  is  useful  to  detect 
these  signals  in  a  stationary  satellite  and  then 
transmit  them  to  an  earth  station. 

In  this  case,  due  to  the  greater  distance,  the  received 
power  level  is  considerably  lower,  so  that  it  is 
necessary  to  be  able  to  detect  and  demodulate 
separate  messages  (about  100  bits,  biphase  L)  of 
unknown  phase  carrier  at  an  energetic  signal  to  noise 
ratio  Eb/N0  of  about  0  dB. 

Instead  of  improving  established  methods  using 
phase  lock  loops  for  carrier  and  clock  recovery,  we 
use  sampled  analytical  signal  representation, 
maximum  likelihood  principles,  statistical 
hypothesis  and  tesling  estimation  to  develop  a  new 
approach  for  message  recovery  which  compares 
favourably  with  traditional  methods  [1]. 

These  new  methods  have  been  implemented  on  a 
multiprocessor  BULLSPS7  equipped  with 
Motorola  68  000  and  Texas  TMS  and  tested  with  an 
operational  geostationary  satellite  [2], 

The  modelling  of  the  same  estimation  methods  with 
a  signal  received  by  a  low  orbiting  satellite  has  been 
completed  with  success  and  it  has  been  verified  that 
a  negligeable  performance  degradation  is  induced 
by  the  additional  smooth  doppler. 

After  a  presentation  of  these  methods  and  of  their 
theoretical  performances,  we  apply  them  to 
terrestrial  location  with  a  (quasi)  stationary  satellite. 
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II.  COMPLEX  SAMPUNG  OF  REAL 
SIGNALS 

Complex  representation  of  real  signals  has  been 
introduced  by  Ville  in  1948  [3]  to  give  a  permissible 
mathematical  definition  of  phase  and  frequency  for 
real  one  dimensional  signals.  This  mathematical 
approach  has  proven  to  the  very  useful  in  digital 
signal  processingimplementation,  because  ofits  two 
equivalent  representations  of  complex  samples: 
cartesian  and  polar.  Polar  reprcrentation  allows  a 
simple  algorithm  to  be  used  for  changing  carrier 
frequencies,  and  avoids  dephasing.  On  the  other 
head,  cartesian  representation  allows  an  efficient 
means  (complex  linear  summation)  to  raise  the 
signal  to  noise  power  ratio  of  received  modulated 
signals.  And  lastly,  going  from  one  representation 
to  the  other  requires  few  elementary  operations 
thanks  to  precalculated  tables. 

The  above  considerations  show  the  interest  in  ha  vi  ng 
an  efficient  way  of  obtaining  the  complex 
representation  of  the  real  signal.  First 
implementations  were  based  on  the  modulation  of  a 
real  signal  by  the  two  quadratures  components  of  a 
signal  delivered  by  an  oscillator.  The  complexity  of 
this  method  is  due  to  the  existence  of  a  separate  chai  n 
for  each  cartesian  component.  A  digital 
implementation  is  preferable  since  both  components 
can  be  generated  from  the  same  series  of  samples. 

Instead  of  using  the  discrete  Fourier  transform  or 
Hilbert  transform,  which  present  some  problems  of 
absolute  convergence,  we  have  developed  a  direct 
method  for  generation  of  complex  signals  which 
rests  on  a  uniform  representation  of  any  continuous 
signal  as  a  sum  of  trigonometric  functions 
(Weirstrass  Theorem)  [4). 

Thanks  to  the  above  property  one  can  approximate 
the  real  signal  x(t)  and  its  associated  quadrature 
signal  y(t)  by  (1). 

(1) 

x(0-42#<%cos(Aw+4|l)  -»  y(r)-^o,sin(Aov+f,) 

This  expression  remains  true  if  one  considers  any 
periodic  time  sampling  such  that  r»mAr  (m 
integer),  hat  can  be  replaced  by : 

2 n 

h  w+— * 

At 


for  any  common  integer  k,  so  that  all  terms  of  (1) 
can  be  interpreted  as  sinewaves  belonging  to  the 
same  frequency  band : 


The  2  complex  components  at  the  same  time  are 
calculated  by  2  FIR  filters  (finite  impute  response)  : 
x(t)  by  a  finite  symmetric  weighting  y,  y(t)  by  a  finite 
time  antisymmetric  weighting. 

It  is  sufficient  to  optimise  these  2  FIR  for  sines  whose 
frequencies  telong  to  the  spectrum  of  received 
signals.  We  have  derived  an  analytic  theory  which 
gives  the  number  of  coefficients  and  their  values  as 
a  function  of  the  specified  quadrature  noise  to  signal 
power  ratio  /5/. 

However  we  give  here  a  direct  derivation  of  the  4 
FIR  coefficients  which  are  used  to  calculate  the  2 
quadrature  components  in  the  middle  of  2 
consecutive  samples. 

It  will  be  clear  later  on  that  the  "interpolating" 
analytic  front-end  has  the  advantage  of  allowing  an 
efficient  correction  of  the  ADC  offset. 

Complexity  analysis  shows  that  the  simplest  design 
is  obtained  when  F» 

This  means  that  for  a  sine  wave  at  the  band  centre, 
the  signal  vector  turns  by  an  angle  equal  to  tt/2 
between  2  consecutive  samples. 


To  obtain  the  4  coefficients,  one  has  just  to  take  4 
successive  samples  of  cos—  and  sin  ~  weighted  by 
asemi  periodofeosar  toget  a  bandpass  filter  effect. 


Figure  1 :  Heuristic  analytical  head  concept 
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By  taking : 

2Arccos^|" 

a- - - - 

At 

one  gets  the  following  simple  formulae  for 
interpolating  x(t)  and  y(t)  from  the  real  signal  r(t). 

(2) 

y(0- 3[r(t  +f) -r(. -|)]  +[r(r  +  f ) -r(, -f )] 

To  evaluate  the  quadrature  defined  by  (2),  it  is 
sufficient  to  test  it  with  the  signal  r(r)  -cos(cor) , 
recalling  that  cos 30  -  -3cos0  +  4cos59  and 
sin39  -  3sin0-4sinJ6 . 


(3) 

r(t)  -  coscot  pt(r)-4(3cos0-2cos50)coscnt 
(0 At  =s> 

0  ■  —  , 

2  y(r)-4<3sin0-2sin  0)sincu< 


The  factors  of  coscor  and  sintor  are  equal  when 
0-^-1  which  suggest  introducing  Aco  such 
that: 


to 


,  toAr  n  I,  Ato\ 
■  w0+Ato  and  0-  — j 


(4) 

J  jiAw\wf  1  . 

*(»)  -  4^1  -  j  ^1  ♦  2«”  -*rcM“ 

y(r)-4^1+an— j  ^--sinj— janoc -y«n<ur 


X  and  Y  are  considered  as  the  sum  of  the  correct 
signal  plus  the  "quadratic  noise". 

(5) 

br2+y2)-  16^4-3sin2|Acoj  -  16^1+3cos2~j 


(yI-X,)-16sin,~ 


& 


X  «*G  —  c 

*2+y2«G2+E2 

y-G+e 

y2+Y2«2GE 

A 

G2 

( Y2+y2\ 

_  A 

fl+Scos2^ 

*-* 

p  “ 

e2 

V-*2) 

m  <4 

sin*!— 

^  2“» 

One  verifies  numerically  that  usable  bandwidth  is  of 
the  order  of  w0 . 


Numerical  application  of  (6)  gives  the  signal  over 
noise  ratio  in  dB  as  a  function  of  — ,  recall  that  the 

usable  normalized  bandwidth  is— ,  for  a  normalised 
real  sampling  frequency  4. 
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Another  interesting  aspect  of  this  analytical 
front-end,  is  that  it  improves  the  dynamics  of  the 
received  signal,  defined  as  the  ratio  of  the  expected 
square  of  the  signal  divided  by  the  noise  variance. 

,1 

The  real  signal  cos  tor  has  a  power  -  and  a  noise 

characterised  by  its  variance  a2,  but  after  the 
analytic  quadrature  stage,  the  signal  power  is : 


.  2«A(o\<i2 
l^4  -  sin  j  — 


and  the  noise  variance  is  I602 ,  giving  the  dynamics 
improvement  of  6  when  the  noise  samples  are 
independent. 


(7) 


.  ,  „  .  ,JtA(0 

f>«4-3sin- — 
2to„ 


The  ratio  p  of  the  signal  divided  by  the  quadrature 
noise  is  deduced  from  (5)  according  to  (6). 
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m.  CARRIER  FORMALISM  OF 
MODULATED  SIGNAL 

The  advantage  of  this  representation  is  that 
synchronisation,  demodulation  and  parameter 
estimation  are  reduced  to  estimations  of  the  3 
characteristics  of  a  sinewave.  For  instance,  the 
detection  of  an  awaited  signal  is  decided  when  the 
estimated  carrier  amplitude  exceeds  a  prescribed 
threshold.  For  position  location,  phase  will  be 
associated  with  range  and  frequency  with  a 
geometrical  angle  as  we  shall  explain  later. 

Since  we  are  dealing  with  sinewaves,  operations 
such  as  phase  development  and  parameter 
estimation  can  be  implemented  with  a  simple 
optimal  algorithm.  To  justify  these  claims,  we  shall 
develop  (virtual)  carrier  formalism  to  the  describe 
current  modulation  and  spread  sprectrum. 

The  first  example  considered  is  FSK  (frequency  shift 
keying)  in  which  one  frequency  sine  wave  among 
m=?  is  emmited  during  an  elementary  symbol 
representative  of  b  bits.  During  the  transmission  of 
one  symbol,  the  diagram  of  the  developed  phase  as 
a  time  function  is  a  straight  line,  the  slope  of  which 
can  assume  m  values. 


One  way  to  demodulate  this  signal  when  the  symbol 
clock  is  known  consists  of  applying  the  inverse  phase 
rotation  corresponding  to  the  complex  samples  of 
the  received  signal  and  adding  them  during  the 
symbolduration.Thedemodulated  symbol  is  theone 
which  gives  the  greatest  modulus. 


In  practice,  things  are  slightly  different  because  the 
centre  of  the  frequency  band  is  different  from  zero 
and  the  symbol  clock  is  unknown  : 

<K0  -  «t»0 + K + (A“,)]  ('  -  'o) 

The  unknowns  are  co0  and  V  Generally,  due  to 
propagation  hazards  and  modulation  concept  the 
value  of  is  not  accessible,  so  that  only  at,,  and  tg 
have  to  be  evaluated.  This  evaluation  is  carried  in  2 
steps  : hypothesis testingandfollowedby  parameter 
estimation.  Only  hypothesis  testing  is  considered  in 
this  paragraph,  and  it  consists  of  calculating  the 
carrier  modulus  for  all  starting  time-carrier 
frequency  couples  corresponding  to  the  estimated 
uncertainty  and  accepted  performance  degradation. 

Assuming  frequency  spacing  A/  and  a  time  spacing 
A  T  for  a  symbol  duration  T,  the  reduction  factor  of 
the  carrier  modulus  evaluation  is  given  by  (8)  : 

(8)  R*(l-^)cos2n<A/)r 

The  next  example  concerns  binary  transmission  by 
BPSK-PN  spread  spectrum  (binary  phase  shift 
keying  pseudo  noise).  The  developed  phase  of  this 
signal  is  represented  on  figure  3. 


Figure  3  :  BPSK  -  PN  developed  phase 


The  received  signal  undergoes  adapted  filtering 
before  the  complex  sampling,  the  rate  of  which  is 
such  that  there  are  3  samples  during  each  chip 
duration.  Optimal  processing  requires  the  selection 
of  one  sample  sequence  from  3  for  each  frequency 
hypothesis  which  is  obtained  by  selecting  the 
sequence  having  the  biggest  estimated  modulus. 


A  third  example  is  MSK  data  transmission.  As 
before  one  has  to  test  a  certain  number  of  frequency 
hypotheses  to  have  a  sufficiently  accurate  estimate 
of  the  carrier  amplitude  (cf.  (8)).  The  developed 
phase  diagram  is  represented  on  figure  (4). 


figure  4 :  MSK  developed  phase 


In  order  to  test  the  sequence  1,0, 1, 1  at  each  sampled 
time  one  tests  2  time  phasings  by  applying  the 
following  rotations. 
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The  sum  of  the  6  rotated  vectors  gives  an  estimate 
of  the  carrier  sample  for  the  sequence  1,0, 1,  l.One 
continues  these  estimations  for  the  2*  =  16 
sequences,  the  greatest  modulus  indicates  the 
transmitted  4  bits  (1, 0, 1, 1  on  fig.4)  sequence.  After 
synchronisation,  it  is  possible  to  adjust  the 
elementary  rotations  to  the  estimated  clock  phasing. 

It  is  straightforward  to  extend  the  above  procedure 
to  combined  phase  and  amplitude  combined 
modulation.  For  all  modulations  schemes,  we  have 
developed  algorithms  to  save  a  lot  of  elementary 
calculations  (frequency  hypothesis,  rotations,  sums) 
by  re-using  intermediate  results  so  that 
implementation  becomes  quite  acceptable. 


IV.  CIRCULAR  PARAMETERS 
ESTIMATION  PERFORMANCE 

In  the  previous  paragraph  we  have  shown  how  to  use 
a  statistical  hypothesis  procedure  to  transform  the 
received  signal  into  a  circular  function  perturbed  by 
additive  noise.  For  each  hypothesis  to  be  tested,  the 
signal  is  represented  by  complex  samples  regularly 
spaced  in  time.  For  our  purpose  the  problem  is  to 
estimate  the  3  characteristics  A,  <p,  to  in  expressions 
of  the  form  a  exp(to(  +4>0) perturbed  by  additive 
complex  noise  n  «  n,  +  jn2  verifying  <n,>  =  <n;>  = 
<n,n2>=  0  and  <  nj  >«<  n|  >-  cr2 . 
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figure  5  :  Carrier  Phase  development 


The  complex  samples  are  of  the  form  : 

A  exp  (j$)+n,-tjn2  with  A  and  <)>  unknown.  The 
elementary  estimation  process  replaces  A  by  : 

Ae'  and  <p  by  (p  +  Acp . 

A  exp(E  +  y(4> + A<p)]  -  A  expj<(>  +  n,  +;'n2 

By  taking  the  module  of  both  members,  one  obtains 
the  next  relation. 

n,2+n|  . 

“  2  ”  e-2e'cosA(js+ 1  *  sinJAf 

Averaging  over  noise  level,  one  derives  an  upper 
bound  for  the  variance  of  sin  Atj> ,  which  justifies 
relation  (9)  for  pratical  evaluations. 


The  proceeding  examples  have  been  given  to  show  (9)  1 

that  any  modulation  or  spread  spectrum  scheme  can  *  A2  p 

be  considered  as  a  succession  of  reversible  complex 
tranformations  of  a  sine  wave  carrier. 
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In  order  to  evaluate  to ,  tfc*  and  A  characteristic  of  a 
carrier,  one  starts  by  constructing  the  developed 
phase  ,  <t>2 , 4>3  etc.  According  to  algorithm  (10) 
which  connects  the  developed  angles  by  the  shortest 
path. 

The  samples  are  labelled  by  (r)  considered  as  an 
integer. 


as  «■■ — 

1  - 

t, 

AS  :  : 

-  TT 

"I 

►AS  - - 

AS 

+  2TT  J 

A3>  •  1 

TT 

►AS  - - 

AS 

■  2T r  J 

►  s- — 

§« 

♦  AS 

t  is  for  comparison  bttwNn  left 
and  right  members 


The  above  algorithm  fails  if  the  angle  jump  between 
2  consecutive  samples  has  an  amplitude  greater  than 
anabsolute  value  of  n. 

Failure  probability  is  an  increasing  function  of  the 
carrier  rotation  angle  |coAr|  between  2  samples 
separated  by  Ar  .  To  reduce  this  probability  to  its 
minimum,  one  substracts  a  rotation  to' from  the 
unknown  pulsation  to  such  that  |  to  -  to'  |  AT  «  1 . 

Thus  one  needs  some  method  which  yields  a 
reasonable  approximation  for  the  above  frequency 
to.  For  this  purpose  one  uses  as  before  a  frequency 
hypothesis  technique  and  the  optimisation  of  its 
implementation  gives  a  Sliding  Frequency 
Evaluator  (SFE). 

Given  2  successive  samples  expy(wr+$)  and 
expy[to(r  +  Ar)+4>]  of  the  same  carrier,  we  rotate 
onward  the  first  by  an  angle  w'Ar  close  to  the  actual 
(but  unknown)  oiAr .  The  "vectorial’  sum  of  these  2 
samples  is  interpreted  as  a  sample  at  time  f + Ar  with 
an  improved  signal  over  noise  ratio  by  ?  factor  2. 

<W 

cxpyfur + 9) + exp;[<u(r  +  Ar )  +  9  -  co'Ar  ]  -  K  exp;  (cor  +  9) 
K  - 1  +expy(<o-<o')Ar-2+/(<o-(o')Ar 


The  main  discrepancy  with  the  expected  factor  2  is 
the  angle  — j — ,  it  is  important  to  note  the  sign  of 

(to  -  to'). 

For  the  first  2  samples  we  can  take  a  number  of 
regularly  spaced  frequencies  determined  by  the 
frequency  range  incertainty  (2Ato).  For  the  next  2 
samples,  one  does  the  same  weighted  sum  but  with 
a  frequency  hypothesis  of  different  parity,  in  order 
to  introduce  some  dithering  in  the  frequency 
sampling.  Usually,  the  frequency  hypotheses  will 
alternate  from  2  to  3 : 


(  Ato  Ato\  /  2  2  \ 

("T  ’  Tj  and  (~3A"’0>3A“j 


At  the  second  step,  one  takes  2  consecutive 
hypothesis  sets  (of  2  and 3  elements  respectively)  to 
calculate  altematly  consecutive  sets  of  4  and  5 
hypotheses  being  separated  by  the  time  interval  2 
A t .  At  each  new  step  the  number  of  hypotheses  has 
to  be  doubled,  since  the  distance  between  2 
consecutive  sets  is  double  in  order  to  keep  the  same 
angle  incertaintly. 

The  evolution  of  the  number  of  hypothesis  as  a 
function  of  time  and  of  step  index  is  represented 
below. 
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The  notations  below  describe  tht  algorithm  :• 
h  is  a  relative  integer  such  that  |  A  |s  2' " '. 

*  E  (i,  0)  is  not  defined 

*  E  (i,  h)  represents  the  frequency  hypothesis  : 
-1 +2 1  ft  1 


2 1 

-1  +2|  ft 


Ato  for  ft  >  0 

Ao>  for  A<0 


0  (i,  h)  represents  the  frequency  hypothesis 


— -Aw . 
t+jf 


Given  2  consecutive  complex  samples  (A  and  B), 
one  calculates  alternatively  sets  (1,.)  and  0  (1,.). 

Step  1 

/  AioAr\ 

£(1,1)  -  A  exp^j  -  j  +B 

£(1,-1)  -  Aexp|-j— J  +B 

0(1,1)  -  A  exp^/  -  j  +B 

0(1,0)  -  A+B 

/  2AwA/\  „ 

0(1, -1)  “  A  exp^-y  -  j  +B 


Given  2 consecutive  hypothesis  sets  E(i,.)  and  0(i,.), 
one  calculates  an  hypothesis  set  for  step  i+1. 
Alternatively  by  (12)  and  (13).  Only  positive  or  null 
frequency  hypothesises  are  retained,  negative 
frequency  expressions  are  deduced  by  .ymmetry. 

(12) 

Ato  A/ 

£(i  + 1,1)  -  £(i,l)expj— j-  +  0(i.0) 

£(«'  + 1,2)  -  £(i,l)exp/|AuA/+0(«,l) 

£(i  + 13)  -  £(i,2)expj^AtoA/  +  0(i,l) 

£(i  + 1,4)  -  £(i,2)exp/^Au>Ar+0(«,2) 

£(i+i,A)  -  £(«-.?Lr)«pi?TI^+o(i4) 
E0  +  1.21)  -  ffU'-'jexpy^-ijAcoA/  +O0,2,‘1) 


(13) 

00  +  1,0)  - 

£0. 1)  +  00 .0)  or  £0,  -1)  +  0 0, 0)"atiernate 

0(/  +  1,1)  - 

£0,l)exp;-j-^7yAcoAl +00,0) 

00  +  1,2)  - 

£0.  Dexpi  AojA/ +00, 1) 

00  +  l.A)  - 

£0,ft  +  12)expj  AAwAr  +  0^i,^  j 

00 +  1,2")  - 

£|i,2,',^:jAioAf  +  O0,2''‘) 

Having  obtained  with  this  algorithm  a  first 
approximation  co  of  to,  one  substracts  it  from  the 
original  samples  by  (14)  before  applying  (10). 

(14) 

AO  «-  ojAt  mod  2n 
0  —  AO 

[>  <(>,*-  <p,  —  0  mod2n 

0  +-  0  +  A0  mod2n 
r  —  r  +  1 

After  development  of  the  phase,  one  has  a  sequence 
of  numbers  <j>,  perturbed  by  quasi-additive  noise  of 
variance  oj  given  by  (9).  In  order  to  get  simple 
expressions,  it  is  wise  to  take  a  time  origin  such  that 

2r-0. 

The  model  of  the  developed  phase  variation  as  a 
function  of  time  is  linear  =  <t>0+u)/,cj>0  and  the 
above  SFE  algorithm  is  similar  to  a  discrete  Fourier 
transform  and  has  the  same  complexity  level :  logjN 
complex  operations  (rotation  plus  sum)  per  input 
complex  sample  for  an  evaluation  every  time 
complex  samples. 

To  obtain  an  evaluation  every  j  complex  samples, 

one  has  just  to  repeat  the  last  step,  which  adds  one 
complex  operation  per  input  sample  which  gives  a 
complexity  of  (1  +  Iog2N). 


This  method  of  calculation  increases  with  the  rate  of 
intermediate  results  until  it  reaches  the  obvious  value 
N. 

The  selected  hypothesis  is  the  frequency  value  w 
corresponding  to  the  biggest  modulus. 
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$  and  to  being  unknown  are  determined  through 
minimisation  (least  mean  square)  of : 


The  estimators  for  ifc,  and  to  are  solutions  of  the 
2  equations  obtained  by  cancelling  derivatives  of  Q 
with  respect  to  ft,  and  to. 


(15) 


1  V*' 

w“aat2? 

f 


since  Jt-  0 

f 


h-2 1 


h  is  the  number  of  samples  used  for  the  estimations. 
Obviously  these  estimators  are  unbiased.  To  derive 
the  simple  expressions  of  their  variances  one 
assumes  time  decorrelation  of  angle  samples,  and 
introduces  the  duration  t  -  h  Ar  of  estimation. 


(16) 

•<  (ft  —  <  ft  >)2  >"  — —  —  (  —  j 
hp  \xpl 

d,  «•<  (<o — <  to  >)2  >» 


12 


12/Ar\ 


h(h}-\)p(blj 
o^^»<((o-<(o>)((p-<<|)>)«0  since  2*“® 


The  last  relation  of  (16)  is  very  important  since  it 
proves  the  decorrelation  of  estimators  of  ft,  and  <o . 

V.  SYNCHRONIZATION  PERFORMANCE 
OF  SPREAD  SPECTRUM  SIGNALS 

Spread  spectrum  signaling  is  the  main  candidate  for 
future  rangingand  positioning,  but  classical  methods 
of  despreading  and  demodulation  which  realise 
synchronisation  in  several  steps  (chip,  bit,  message) 
requirea  significant  delay  unless  time  is  known  with 
a  high  precision.  We  prove  here  that  one  step 
synchronisation  on  a  known  receiver  preamble  of  30 
data  bits,  even  in  poor  conditions  is  sufficient  to 
require  no  continuous  transmission. 

We  consider  a  known  preamble  consisting  of  ks 
chips  with  a  duration  equal  to  s  data  bits 
transmission.  The  mean  module  of  any  chip  is  noted 
a,  the  additive  noise  has  a  mean  equal  to  0  and  a 
variance  o2 ,  adaptive  filtering  is  implemented  and 
noise  samples  are  decorrelated  between  distinct 
chips. 


After  reconstruction  of  the  carrier  with  the  kb  chips 
of  the  known  preambule,  a  distribution  of  mean  kba 
and  variance  v  =  k  so2  is  obtained.  In  order  to  decide 
the  preamble  presence,  it  is  natural  to  compare  the 
modulus  of  this  coherent  summation  to  the  threshold 
0  <  X.  ks  <  ks  a. 


Assuming  gaussian  noise,  we  can  evaluate  the 
conditional  probability  1  -  Pd  of  non  detection. 


1-P^^Jo-^.expl-wJ£ir 

1 

V2Jtio2 

f  (1 -X^isa2)  2n*sa2(l -X)2 

2a2  o2 

The  above  inequalities  and  conditions  are  better 
understood  by  introducing  the  energy  of  one  bit : 


f<i-x)M«  \  2Jtso2)(l- 


-X)ksa 


and  the  der,«uy  of  noise  power  N0^  where  T  stands 
for  the  bit  duration. 


1  -P4  <  exp 


when  U-X)2^>£ 


To  evaluate  the  false  detection  probability  P„  one 
needs  the  statistical  law  of  the  modulus  of  noise  of 
definite  variance.  To  determine  this  law,  one  uses 
the  well  known  differential  identity  :■ 


(^bc,,,(4H(^be4^H  -‘45) 


rdrdQ 

W 


■J. 


wr.  ^  2ksd“\7ksd) 


-4t) 


By  eliminating  the  unknown  X  between  the 
expression  of  1  -  Pd  and  P„  one  finds  the  simple 
inequality  (17)  which  is  valid  for  any  data 
modulation. 


To  keep  s  small,  it  is  advisable  to  proceed  in  two 
steps.  In  the  first  step,  one  takes  X  such  that  1  -  Pd  is 
guaranteed,  but  with  a  high  Pr,  and  the  false 
synchronisations  are  eliminated  in  the  second  step 
by  testing  the  demodulation  likelihood  for  a  few 
more  bits. 
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VI.  FIXED  POINT  LOCATION 

Well-stabilised  geostationary  satellites  are  not 
completely  fixed  with  respect  to  the  earth  surface. 
For  a  stabilisation  within  an  angle  of  0.1  degree,  the 
diameter  of  the  relative  satellite  orbit  as  it  appears 
from  the  earth  is  the  order  of  120  km.  To  take 
advantage  of  this  large  base  for  earth  positionning, 
one  measures  periodically  the  distance  and  the  angle 
to  the  satellite  trajectory,  and  then  these  intermediary 
results  are  combined  to  estimate  the  coordinates  of 
the  point  to  be  located. 


To  calculate  the  intermediate  results,  one  applies 
equations  (IS)  assuming  the  satellite  trajectory  being 
a  straight  line  during  estimation  time  interval  x  . 

The  signal  used  for  these  elementary  estimations  is 
characterized  by  a  bandwidth  occupancy  B  (chip 

frequency  of  carrier)  and  a  bit  rate  with  an 

£, 

energetical  signal  to  noise  ratio  f> » — *  1  since  : 


A2 

R 

2NJi  "Pl2B 

(18) 

-  2 B 

*~xPlR2 

,  24B 

“  tV,*2 

These 

expressions 

show  that  estimation 

performance  increases  with  the  spreading  factor 
(R/B).  If  the  signal  s(t)  is  transmitted  from  the 
satellite  at  time  t,  at  a  distance  D(t)  function  of  the 
f.  n«il 

same  time,  one  receives s|r  — — ] . 


Figure  6 :  Geometry  of  elementary  estimations 


Carrier  or  chip  frequency  in  the  satellite  frame  can 
be  represented  by  the  analytic  signal  exp  ;(cor  +<)>). 
Neglecting  relativistic  effects,  the  carrier  received 
in  Lis : 

.r  l  D+rVcosa\ 
expj  col  r - - - l+<f> 

which  is  identified  with :  exp j(m  +<]>0) 

(—  (  Vcosct)  _  (a D 

co -coll - - — I  and  0>0 _ q> — — mod2n 

with  to  -  2nB 

The  satellite  trajectory  is  assumed  to  be  known  with 
perfect  accuracy,  so  that  D  and  a  are  the  only 
parameters  which  have  to  be  calculated  from  the 
estimations  of  to  and  % . 


During  any  elementary  estimation,  it  is  correct  to 
assume  that  D(t)  is  a  linear  function  of  time  t : 
D(r)-D  +rVcosa 

In  this  expression,  D  is  the  distance  between  the 
middle  of  the  satellite  trajectory  used  for  the 
elementary  estimation  and  the  point  L  to  be  located. 
V  is  the  satellite  velocity,  a  is  the  unsigned  angle 
(0  <  a  <  it)  between  the  satellite  trajectory  and  the 
point  direction. 


The  estimators  for  co  and  <f>0  allows  us  to  estimate 
the  length  D  of  CL  and  of  its  projection  D  cos  a  on 
the  tangent  trajectory  in  C  after  removing  phase 
ambiguity  by  taking  into  account  an  approximation 
of  D. 

The  variances  of  the  estimators  for  D  cosa  and  D 
cos  a  are  deduced  from  (18). 

(19) 

o2  C2  i  12C2 

"  2jTtp,Bf?2  “*1°  "  2jrVp,B/?2V2 


or2,-— CJ2, 

£>  12  ai^‘> 


,  12D2 

1  +-T—T 

T*V2 
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Figure  7  :  Notations  (low  -  orbiting  satellite) 


P  is  the  orthogonal  projection  of  point  L  on  the 
osculating  plane  and  H  is  the  orthogonal  projection 
of  P  on  the  tangent  in  Q. 

When  the  satellite  runs  at  speed  V  along  its 
trajectory,  the  sequence  of  elementary  estimations 
(index  i)  gives  rise  to  a  sequence  of  lines  H;P. 


These  estimators  are  unbiased,  and  their  variances 
are  obtained  by  taking  the  mathematical  expectation 
of  the  square  of  their  differential  expression,  and 
recalling  that : 

°4?-°£lWa 
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In  the  above  approximate  expressions,  x  is  the 
elementary  measurement  duration,  T  is  the  global 
measurement  duration  along  an  arc  of  length 

expressed  in  radiant.  The  above  approximations  are 
derived  from  identities  given  in  [6]  p.30. 


Let  V  cosy,  and  V  siny,  be  the  coordinates  of  the  J  sin2fct  .--cos(n  'f-  ^sin*  x  _ 

trajectory  velocity  at  point  C,.  The  equation  of  the  *•'  2  2sinx 

line  H.P  is  of  the  form  x  cosy,  +  y  siny,  +  d,  -  0  with 

d.-D.  cosa.  when  the  axis  originO  is  the  center  of  £  «  cos(n  +  ljrsinx  T 

,  ....  ..  >  005  **  ~X+ - z~- -  n  ~<— 

the  oscillating  arcle.  »-i  2  2sinx  x 


The  coordinates  (x,  y)  of  P  minimise  the  quadratic 
form : 

P(x,y)“  2(xcosy,+ysinY,+d,)2 


For  low  orbiting  satellites,  one  can  assume  : 


120 2  ,  .  ,  , 
—  <1  so  that  <£Wo~c£, 


Estimator  expressions  are  greatly  simplified  if  the 
Ox  axis  is  such  that : 

Jsiny,  -  0 

I 

which  means  qualitatively  that  Ox  is  parallel  to  the 
trajectory  part  used  in  the  estimation  process. 

(20) 
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x»ls  T  =  600  s  4#-i^5'io*’ 

C  =  3  *  l(f  m/s  V  =  8 *  103 m/s  P)-io 

B  =  4  *  lO^Hz  R=  100  bit/s 


With  these  values  gives  : 
cr2,  <  0,3 m1  and  o2,  -  lm 2 

*  T 
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This  numerical  evaluation  shows  that  the 
geographical  precision  is  fixed  only  by  the  carrier 
frequency  and  the  frequence  precision,  and  the 
distance  to  the  trajectory  earth  cross  section  of  the 
point  L  to  be  located. 


Figure  8  geostationnary  satellite  notations. 

In  the  geostationary  satellite  cases,  the  trajectory  is 
approximative^  parallel  to  the  earth  rotation  axis 

and^j»  1  which  yields  the  expressions  (23). 

(23) 
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As  compared  with  the  low  orbiting  situation,  the 
ratio^isvery  unfavourable  since  D  =  36  *  106  and 
V  is  of  the  order  of  3m/s. 

In  order  to  obtain  a  useful  level  of  performance,  it  is 
necessary  to  take  big  values  for  BR2  which  is 
possible  for  example  with  a  of  direct  digital  video 
broadcasting  signal.  Inspection  of  the  expressions 
given  by  (23)  shows  that  one  gets  the  best  results 
when  x  is  comparable  with  T,  since  A<(>  represents 
the  tangent  angle  variation  during  the  interval  T. 

Typical  values  are  as  follows. 


t  -  400s  T  =  1200  s 

C  ~3*l(fm/s  V  =  3  m/s 
B«2-(40*106)3//23  D  =  36  *  lo6m 

The  numerical  value  given  to  A$  assumes  that  the 
direction  of  arrival  of  the  satellite  signal,  varies  of  jj 
radian  in  6  hours  which  is  optimistic. 

However  is  too  big  to  be  of  any  use,  but 
-  600m2  is  adequate  for  practical  use. 

This  numerical  observation  can  be  explained  by  the 
fact  that  the  elementary  estimation  procedure 
produces  planes  perpendicular  to  the  trajectory 
tangent  which  gives  a  well  defined  intersection  only 
when  these  planes  make  between  them  an  angle  big 
enough. 

In  practice,  on  can  have  a  good  location  accuracy  by 
taking  into  account  the  estimation  of  D  which  is 
excellent  and  the  intersection  with  the  geoid.  Since 
the  time  integration  is  short  compared  to  the  period 
trajectory,  on  can  evaluate  o^2  by  replacing  x  by  T 

in  (19).  Except  for  points  situated  just  under  the 
satellite  (perpendicular  to  the  trajectory  plane), 
location  precision  is  of  the  order  of  100m  after  an 
integration  of  duration  less  than  20  minuts. 


VII.  PRINCIPLE  OF  APPLICATION  OF 
PREVIOUS  METHODS 

In  the  preceeding  section,  it  has  been  assumed  that 
the  satellite  trajectory  and  especially  its  plane 
orientation  (10'2rd  for  geostationary  satellite)  is 
known  by  the  receiver  L.  This  information  as  well 
as  the  on-board  frequency  accuracy  can  be  generated 
by  the  satellite. 

The  trajectory  caracteristics  can  be  deduced  from  a 
known  location,  by  elementary  estimation  of 
distance  and  doppler  frequency.  Since  the  estimation 
time  can  last  several  satellite  periods  (for  a 
stationary  satellite),  one  obtains  a  satellite  location 
precision  at  least  10  times  better  than  the  operational 
earth  location  precision  which  lasts  20  minutes. 


C2d2 

°®w<.”a6tJp1Bfi2V'2 
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Another  important  application  of  simultaneous 
estimation  of  distances  and  their  derivatives,  is  the 
tracking  of  terrestrial  vehicles.  In  this  last  case  one 
supposes  that  the  vehicle  is  also  able  to  estimate  its 
path  by  independent  means  (accelerometers  for 
example)  for  a  time  interval  of  the  order  of  600  s. 
Provided  that  the  vehicle  speed  is  not  too  high,  the 
above  location  method  will  give  the  absolute 
position  of  the  centre  of  gravity  of  its  estimated  local 
trajectory.  The  orientation  of  this  local  trajectory  is 
done  by  iterative  hypothesis  testing.  Once  the 
location  process  is  initiated,  trajectography  can  be 
carried  out  and  the  speed  limitation  condition  can  be 
progressively  removed. 

vra.  CONCLUSION 

It  has  been  demonstrated  by  statistical  and 
geometrical  considerations,  that  terrestrial  location 
can  be  obtained  with  a  single  geostationary  satellite 
provided  that  its  trajectory  is  "perfectly’  known.  The 
same  considerations  shows  also  that  satellite 
tracking  (location)  can  be  obtained  by  signal 
processing  of  signals  received  at  a  single  earth 
station  of  known  geographical  coordinates. 
Howevever  there  is  a  long  way  to  go  before  an 
operational  system  with  prescribed  characteristics, 
including  time  and  frequency  precision,  can  be 
realised. 
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DISCUSSION 


C.  GOUTELARD 

Votre  presentation  m'a  beaucoup  intfaessi.  Je  souhaiterais  vous  poser  deux  questions: 

1.  Pouvez-vous  pr&iser  la  sensibility  au  bruit  de  cette  m<thode  que  vous  presenter  comme  nbs  robuste? 

2.  Vous  auriez  pu  utilises  une  decomposition  en  ondelettes  qui  semble  bien  adapt fe  aux  signaux  non  stabonnaires. 

Pourquoi  ne  l’avez-vous  pas  utilisfe? 

/  was  very  interested  in  your  presentation.  /  would  like  to  pose  two  questions  to  you,  namely: 

1.  Can  you  predict  the  sensitivity  to  noise  of  this  method  which  you  claim  to  be  very  resistant? 

2.  You  could  have  adopted  a  decompos'ahn  in  wavelets  which  appears  well  adapted  to  unsteady  signals.  Why  did  you  not  use  it? 

AUTHOR  S  REPLY 

1.  II  s'agit  d'une  mAhode  fondle  sur  le  principe  du  maximum  de  vraissemblance.  Le  niveau  de  performance  souhaitl  tpar 
example  sensibility  au  bruit)  determine  la  complexity  i  mettre  en  oeuvre  pour  l’obtenir. 

2.  Le  modble  de  aignaux  et  de  ses  perturbations  torn  supposes  connus  aux  valeurs  de  paramitres  prts.  Ces  valeurs  sont 
esttmecs  de  fa{on  optimale  (moindres  canls  par  exemple)  en  utilisant  les  echantillons  entourant  les  echartillons  sur  levels  on  veut 
effcctuer  les  traitements  (synchronisation,  demodulation,  etc.).  On  s'aflranchit  ainsi  des  probRmes  d'instabilite  dans  la  mesure  oh  le 
modile  utilise  est  suffisamment  general  dans  la  situation  consideree. 

1.  This  is  a  method  based  on  the  principle  of  maximum  likelihood.  The  required  performance  level  (e.g.  sensi!"’ity  to  noise) 
determines  the  complexity  involved  in  its  use. 

2.  The  model  of  the  signals  and  the  disturbances  are  assumed  to  be  known  to  within  the  values  of  the  parameters.  These  values  are 
estimated  in  an  oplimai  manner  (e  g  ,  least  squares)  using  samples  around  the  samples  to  be  processed  (t  ichronization. 
demodulation,  etc.).  This  eliminates  the  problems  of  unsteadiness. 


RADIOLOCATION  IN  THE  LOWER  ELF 
FREQUENCY  BAND 


C.P.  Burke 
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London,  U.K.  WC2R  2LS 


SUMMARY 

A  system  for  recording  Extremely  Low  Frequency  (ELF) 
noi«e  bunts  produced  by  globni  lightning  activity  is  de¬ 
scribed. 

The  location  of  the  source  lightning  flashes  for  some  320 
such  events  has  been  deduced  from  these  data.  The  range 
of  the  sources  was  found  by  modelling  the  data  using  a 
least-squares  fit  to  the  complex  wave  impedance  obtained 
from  the  standard  propagation  theory  applicable  to  the 
Earth-ionosphere  spherical-shell  waveguide.  The  source 
bearings  were  deduced  from  two  orthogonal  components 
of  the  magnetic  field  vector  using  the  usual  goniometric 
technique.  The  source  range  and  bearing  serve  to  locate 
each  source  on  the  surface  of  the  Earth. 

The  data  show  that  the  majority  of  ELF  event  sources 
are  located  in  tropical  regions,  an  average  of  7.4  Mm  away 
from  the  observing  station  situated  at  SI. 14  degrees  North, 
1.44  degrees  West  (Geographic).  The  use  of  such  a  system 
to  monitor  worldwide  thunderstorm  activity,  so  far  as  this 
relates  to  ELF  events  has  been  demonstrated. 

1.  INTRODUCTION 

The  cavity  formed  by  the  surface  of  the  Earth  and  the 
lower  fringe  of  the  ionosphere  acts  as  a  spherical-shell  elec¬ 
tromagnetic  waveguide,  'nd  at  the  lower  end  of  the  ELF 
band  (5-45  Hz),  the  attenuation  of  waves  within  the  cav¬ 
ity  is  lew  (typically  0.1  dB/1000  km  at  10  Hz  -  Jones 
(1)).  An  effect  of  the  low  propagational  attenuation  is 
that  the  ’Q-factor’  of  the  natural  electromagnetic  cavity 
resonator  formed  by  the  Earth-ionosphere  system  is  of  or¬ 
der  5.  The  resonance  modes  of  this  cavity  are  excited  by 
global  lightning  activity  -  these  arc  the  so-called  Schumann 
resonances. 

In  this  paper  we  are  concerned  with  the  location  of 
the  source  of  large  amplitude,  Extremely  Low  Frequency 
(ELF)  radio  pulses  who’s  origin  is  lightning  flashes.  These 
pulses  are  termed  ELF  events.  The  amplitude  of  usable 
ELF  events  is,  typically  5-10  times  the  rms  amplitude 
(lmV/m)  of  the  Schumann  resonances  when  observed  in 
the  band  5  45  Hz.  The  occurrence  rate  of  distinguishable 
events  is  one  to  two  per  minute. 

Jones  and  Kemp  [2]  demonstrated  that  the  range  and  bear¬ 
ing  of  the  source  lightning  flash  of  an  ELF  event  could  be 
determined  from  the  Fourier  frequency  spectrum  of  either 
the  electric  or  the  magnetic  components  of  the  received 
signal. 


The  electric  and  magnetic  field  spectra  however  depend 
upon  the  (unknown)  spectrum  of  the  source  lightning  flash. 
An  improved  technique  is  that  of  Kemp  and  Jones  [3]  who 
based  their  analysis  upon  the  wave  impedance  of  the  sig¬ 
nals.  This  method  was  further  developed  by  Ishaq  and 
Jones  [4).  The  wave  impedance  is  simply  the  (complex) 
ratio  of  the  electric  and  magnetic  field  frequency  spectra. 
The  use  of  a  wave  impedance  method  for  deducing  the 
range  of  a  source  was  first  suggested  by  Wait  [5]  who 
considered  wave  propagation  in  a  planar  Earth-ionosphere 
waveguide.  Our  method,  however,  employs  the  theory  for  a 
spherical-shell  waveguide  in  which  ELF  signals  make  mul¬ 
tiple  circulations  of  the  globe.  This  characteristic  is  the 
essential  feature  of  the  present  method  of  range  determi¬ 
nation  which  is  only  weakly  dependent  on  the  ionospheric 
model.  The  seminal  theoretical  work  for  drcum-global 
ELF  propagation  is  that  of  Wait  [6]  and  Galejs  [7]  who 
follow  the  early  pioneering  work  of  Sommerfeld  [8]. 

The  geomagnetic  field  produces  anisotropy  in  the  iono¬ 
spheric  plasma  which,  in  principle,  leads  to  non-reciprocal 
propagation.  This  feature  was  investigated  by  Pappert 
and  Moler  [9]  employing  a  cylindrical  geometry.  They 
concluded  that  nor.-reciprocity  was  unlikily  to  be  observ¬ 
able  at  ELF.  Tue  tame  conclusion  was  also  reached  by 
Behroozi-Toozi  and  Booker  [10]  in  a  comprehensive  theo¬ 
retical  study  of  ELF  propagation. 

2.  INSTRUMENTATION 

At  ELF  only  two  field  components  are  radiated  effectiv  :ly 
by  a  vertical  electric  dipole  which  is  used  here  to  model 
a  lightning  flash,  these  Selds  being  a  radial  electric  field 
Er  and  a  horizontal  magnetic  field  /f*.  Horizontal  dipoles 
radiate  ineffectively  at  ELF  -  Wait  [6],  The  accuracy  of 
representing  a  lightning  flash  by  a  Hertzian  dipole  at  ELF 
and  large  source-observer  distances  is  very  good  -  LeVine 
and  Meneghini  [11]. 

To  effect  thi  analysis  -f  ELF  events,  signals  were  detected 
by  receiving  antennas  and  passed  through  amplifying  and 
filtering  electronics.  After  digitization  using  a  transient 
waveform  recorder,  signals  were  stored  on  floppy  disc.  A 
schematic  of  the  ELF  receiving  and  recording  equipment 
is  given  in  Fig.1 . 

The  electric  field  antenna  consists  of  a  tripod  2m  high. 
This  antenna,  which  has  been  used  in  previous  investi¬ 
gations  e.g.  Jones  and  Kemp  [2],  is  essentially  a  charge 
sensing  device  whose  output  voltage  Ve  due  to  an  applied 
field  E  is  given  by  Vi  =E  xh«//,  where  ft,//  is  the  effec- 
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tive  height  of  the  antenna,  the  determination  of  which  is 
described  later.  A  tripod  construction  was  chosen  since 
this  gives  good  mechanical  stability.  Stability  is  impor¬ 
tant  since  vibrations  of  the  antenna  in  the  Earth’s  natural 
electrostatic  field  caused,  for  example,  by  the  wind  can  re¬ 
sult  in  large  unwanted  signals.  A  separate  parallel  plate 
antenna  was  used  for  calibration  purposes.  This  consists 
of  two  square  metal  plates  of  side  1m  by  lm,  separated  by 
0.1m. 

Because  the  magnetic  field  vector  lies  in  the  horizontal 
plane,  the  output  signals  from  two  orthogonal  solenoidal 
antennas  define  the  received  field..  Each  antenna  consisted 
of  54,000  turns  of  copper  wire  distributed  over  six  bobbins 
and  threaded  on  to  a  ferro  magnetic  core  of  measured  effec¬ 
tive  permeability  530.  A  secondary  calibration  coil  of  ten 
turns  was  wound  over  the  main  bobbins,  the  use  of  which  is 
described  later.  A  grounded  aluminium  screen  encased  this 
arrangement  (to  provide  screening  against  electric  fields) 
and  the  final  assembly  was  enclosed  in  plastic  pipes  for  pro¬ 
tection.  To  reduce  interference  from  50  Hz  power  lines,  the 
antennae  were  located  in  a  rural  location  at  51.14  degrees 
North,  1.44  degrees  West.  The  magnetic  antennae  were 
accurately  aligned  north-south  and  east- west  (geographic) 
by  using  local  landmarks. 

Fig.  2  shows  the  electric  amplifier  design.  A  high 
impedance  input  stage  was  built  around  an  071  operational 
amplifier  which  is  a  high  impedance  chip  whose  noise  was 
negligible  compared  to  the  external  sources.  An  input  re¬ 
sistor  of  10G  Ohms  was  used  as  this  gave  a  relatively  flat 
response  for  this  stage  down  to  0.3  Hz.  The  response  of  the 
stage  drops  off  at  low  frequencies  because  the  antenna  acts 
as  a  voltage  source  in  series  with  a  capacitor  (of  the  order 
of  75  pF)  whilst  the  10  G  Ohm  resistor  has  a  stray  capac¬ 
itance  across  it  of  the  order  of  about  10  pF.  The  circuit 
thus  behaves  as  a  high  pass  filter  with  a  cut-off  frequency  of 
0.3Hz.  The  150  k  Ohm  resistor  in  series  with  the  antenna 
serves  to  attenuate  in-band  intermodulation  products  from 
high  frequency  transmissions  such  as  television  signals. 

This  initial  preamplifier  was  contained  in  its  own  sealed 
and  screened  box  that  connected  directly  to  the  tripod 
antenna.  It  was  connected  to  the  main  preamplifier  by 
two  leads:  one  for  power  and  one  for  signal.  Some  ini¬ 
tial  preamplification  then  occurs  before  the  signal  passes 
through  a  4-pole,  O.ldB  ripple,  Chebyshev  high  pass  fil¬ 
ter  with  a  band  edge  of  5  Hz  (the  ‘wind  filter*)  and  then 
passes  through  the  power-line-frequency  rejection  filter, 
the  EF50,  a  commercial  active  filter.  A  3-pole,  O.ldB  rip¬ 
ple,  low  pass  Chebyshev  filter  follows  this  with  -  band  edge 
of  55.5  Hz.  This  was  used  to  attenuate  power-line  har¬ 
monics  signals.  The  signal  is  then  split  to  give  a  balanced 
output  over  the  relatively  long  distance  to  the  recording 
hut. 

The  magnetic  system  is  shown  in  Fig  3.  Here,  a  high 
input  impedance  was  not  the  dominating  concern  Instead, 
because  the  input  signal  volltage  was  expected  to  be  very 
small, it  was  necessary  to  have  a  very  low  noise  amplifier. 
Two  FETs  in  parallel  were  used  as  the  input  stage  and 
following  this  there  is  a  buffer  built  around  an  OP-27  to 
prevent  loading  of  the  FETs  by  the  following  electronic 
integrator.  A  low  pass  passive  filter  is  incorporated  as 
in  the  electric  system.  The  integrator  gives  a  good  1/f 
response  down  to  below  5  Hz.  After  this,  the  signal  passes 
through  similar  stages  to  the  electric  system  (EF50,  power 
frequency  harmonic  filter  and  balanced  output  stage). 


Because  the  signals  were  to  be  analysed  in  the  frequency 
domain,  antialiasing  filters  were  required.  To  utilize  the 
full  dynamic  range  of  the  Analogue-to-Digital  convertor 
(ADC),  the  aliased  signal  had  to  be  72  dB  below  the 
base  band  signal  at  the  Nyquist  frequency  (156  Hz).  The 
filters  consisted  of  a  60  dB  attenuation  commercially- 
manufactured  part  with  a  further  12  dB  of  attenuation 
being  supplied  using  3-pole  elliptic  filters.  Four  such  fil¬ 
ters  were  employed:  one  each  for  the  electric  field  (E), 
the  North-South  and  East- West  magnetic  field  components 
(Hns  and  Hew)  and  a  fourth  for  the  trigger  channel  (T). 
The  trigger  channel  was  derived  from  the  E  channel  (as 
this  is  omni  directional)  and  incorporated  an  additional 
3-pole  high  pass  Butterworth  filter  of  band  edr.  13  Hz  to 
prevent  spurious  triggering  of  the  ADC  causcu  by  the  wind 
and  atmospheric  conductivity  flicker  noise,  which  was  ap¬ 
parent  despite  the  earlier  wind  filter. 

The  ADC  (Data  Laboratories  model  DL1200)  was  a  12-bit, 
microprocessor  controlled,  4-channel  instrument  designed 
to  capture  transient  signals.  A  major  feature  of  the  in¬ 
strument  was  the  full  remote  control  of  all  features  via  the 
GPIB  interface 

The  DL1200  enters  its  recording  mode  immediately  it  is 
‘armed*.  The  input  signals  are  sampled  and  the  oldest 
data  is  discarded  as  the  new  data  replaces  it  (somewhat 
like  a  continuous  loop  of  tape)  This  means  that  pre-trigger 
information  is  retained.  When  the  trigger  occurs,  there  is 
already  information  in  the  memory.  The  DL1200  enabled 
all  four  channels  to  be  sampled  synchronously  and  digitised 
each  waveform  to  give  8192  12-bit  words  sampled  at  200  pS 
intervals.  A  microcomputer  was  used  to  remotely  control 
the  DL1200  via  the  GPIB. 

Waveforms  captured  by  the  DL1200  on  receipt  of  a  trigger 
signal  were  viewed  on  an  oscilloscope  screen;  if  considered 
to  be  of  si  fficient  quality,  the  digitised  waveforms  were 
transferred  to  the  computer  by  the  GPIB  and  dumped 
as  a  binar)  file  to  floppy  disc.  In  the  disc  file  only  1  in 
16  (i  e.  512)  of  the  original  data  samples  were  retained 
thus  increasing  the  effective  sampling  interval  to  3.2ms  and 
reducing  the  Nyquist  frequency  to  156  25  Hz. 

Both  the  electric  and  magnetic  systems  required  calibra¬ 
tion.  Two  calibrations  were  used  for  the  magnetic  sys¬ 
tems.  The  secondary  (local)  calibration  used  the  small 
coils  wound  on  to  the  main  aerial  bobbins.  B>  injecting 
pulses  into  these  coils  and  comparing  the  output  of  the  re¬ 
ceiving  system  with  the  input  signal  in  the  frequency  do¬ 
main  using  a  spectrum  analyser,  the  frequency  response  of 
both  magnetic  systems  could  be  determined.  The  absolute 
sensitivities  of  each  antenna  were  measured  by  creating  a 
known  magnetic  field  around  each  aerial  and  noting  the 
output  response.  This  known  field  was  produced  by  the 
amplified  signal  from  a  sine  wave  oscillator  driving  a  re¬ 
mote  calibration  coil  of  some  100  turns  of  wire  which  was 
located  some  tens  of  metres  from  the  receiving  solenoid 
A  sine  wave  was  chosen  rather  than  the  broadband  sig¬ 
nals  used  for  the  secondary  calibration  since  the  broad¬ 
band  signals  gave  a  poor  signal  to  noise  ratio  in  this  case. 
The  mid-band  absolute  sensitivity  of  the  magnetic  field 
systems  (measured  at  the  input  of  the  ADC)  was  about  3 
V/nT. 

For  the  electric-field  system  it  was  not  possible  to  create  a 
uniform  electric  field  about  the  antenna  due  to  its  size  so 
a  different  approach  was  adopted.  Firstly,  the  frequency 
response  of  the  electronics  was  established  by  using  a  spec- 
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trum  analyser.  The  system  was  driven  through  a  75  pp 
capacitor  dummy  antenna  to  represent  the  known  aerial 
capacitance.  The  effective  height  of  the  antenna  was  de¬ 
termined  by  comparing  the  signal  received  by  the  tripod 
antenna  with  that  of  the  parallel  plate  antenna  from  the  16 
kHz  Rugby  V.L.F.  (GBR)  transmitter.  Here  the  effective 
height  of  the  parallel  plate  antenna  is  well  known.  In  this 
way,  the  effective  height  of  the  tripod  antenna  was  esti¬ 
mated  as  1.01  ±  0.03m  and  the  overall  absolute  sensitivity 
of  the  system  was  about  7m  (i.e.  7  V/V/m). 

Pigs.  4-6  show  the  amplitude  and  phase  characteristics 
of  the  3  data  channels  (E,  #„«  and  //,*)  The  amplitude 
response  is  reasonably  flat  in  the  band  of  interest,  showing, 
in  the  case  of  the  magnetic  systems,  that  the  integrating 
amplifiers  perform  well.  The  effects  of  the  EF50  notch, 
wind  and  power-line  frequency  harmonic  filters  can  also 
be  seen. 


Fig.  4  Amplltud*  Frwquancy  Rozpooa*  of  th« 


Fig.  5  Magnetic  System  1 


frequency /Mi 


Fig.  6  Magnetic  System  2 
Amplitude  Transfer  Function 


3.  DATA  ANALYSIS  THEORY 

To  locate  the  source  lightning  flash,  we  require  to  know 
the  source  bearing  and  the  source  range  (propagation  dis¬ 
tance).  In  this  section  we  summarize  the  necessary  prop¬ 
agation  theory  needed  to  estimate  the  source  range,  d. 

The  radial  electric  field  £V  and  azimuthal  magnetic  field 
due  to  a  vertical  electric  dipole  of  current  moment 
Ids  a  distance  i  =  at  from  the  observer  is  given  to  good 
accuracy  by: 

E.  .lds(u)v(p  +  l)Pj(-  cos6) 

4xa2( owfcsm(ffi/)  *  * 

„  _  -lds(u)Pl(- cos9)  .  . 

4ahsin(xn)  1  ' 

(  Wait  [6],  Jones  and  Kemp  [2])  where  9  is  the  geocentric 
angle  between  the  source  and  the  observer,  h  is  the  ef¬ 
fective  ionospheric  height,  J^(-cos9)  and  Pl(-  cos 6)  are 
Legendre  functions  of  (complex)  degree  v  and  order  0,1,  u 
is  the  angular  frequency,  co  the  permittivity  of  free  space 
and  a  is  the  Earth  radius.  The  wave  impedance 


»...  ^(p  +  DPgt-cosff) 
atQwP&(—  cos0) 


(3) 


is  thus  independent  of  the  source  spectrum  Ida  (Kemp  and 
Jones  [3])  The  so-called  modal  eigenvalue  v  is  related  to 
the  attenuation  and  phase  velocity  of  the  radiation  in  the 
Earth-ionosphere  cavity.  We  use  our  experimental  data  to 
determine  t/(u>)  as  described  below. 

Kemp  and  Jones  noted  that,  when  plotted  as  functions  of 
frequency,  both  the  modulus  and  argument  of  the  wave 
impedance,  Mod  Z  and  Arg  Z  are  of  the  form  of  a  de¬ 
caying  quasi-sinusoids  oscillation  the  period  of  which  is 
characteristic  of  the  propagation  distance.  They  went  on 
to  derive  an  asymptotic  relation  between  the  propagation 
distance  and  the  phase  velocity,  v.  Building  upon  this, 
Bliokh  et  al  [12]  suggested  that  Fourier  analysis  could  be 
used  to  determine  the  characteristic  period.  They  consid¬ 
ered  the  Fourier  cosine  transform  of  \Z\  i.e 


The  maximum  of  the  transform,  when  plotted  as  a  function 
of  inverse  frequency  r  is  a  measure  of  the  characteristic  pe¬ 
riod  of  \Z\.  Numerical  experiments  in  the  course  of  this 
investigation  have  shown  that  the  Fourier  transform  rather 
than  the  Fourier  cosine  transform  gives  more  reliable  re¬ 
sults.  The  simple  extension  to  include  Arg  Z  has  also  been 
made.  The  periods  of  \Z\  and  Arg  Z  are  thus  found  from 
the  maxima  of 


/OO 

\Z(u)\ t~**du  (5) 

OO 


and 


Mod 


ArgZ(u)r'“'doJ 


(6) 


Using  the  propagation  values  deduced  by  Jones  (1]  from 
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Schumun  lesonince  mcuurements  ud  by  applying  a 
leaat  squares  fit  to  a  plot  of  w  versus  propagation  dis¬ 
tance  gives 

d  =  -125.5rm„  +  20.5  (8) 

for  \Z\  and  Arg  Z  where  d  is  measured  in  Mm  (1000  km) 
and  w  in  seconds.  This  value  of  the  propagation  dis¬ 
tance  is  slightly  dependent  upon  the  propagation  model 
used  in  the  numerical  experiments  described  above.  To 
refine  this  estimate,  we  fit  a  curve  defined  by  the  wave 
impedance  equation  (equation  3)  to  the  experimentally 
measured  wave  impedance  Zt.  We  thus  attempt  to  mini¬ 
mise 

*  =  X>*.(«.) -.*(*'.«.)) P  (9) 

» 

where  t>(u)  is  modelled  by 


v  =  Co  +  cn -a**  +  cjw'4  +  i(d  +  c«u"  +  C|Uc*)  (10) 
and 

9  =  e,o  (11) 

using  the  simplex  algorithm  of  Nelder  and  Mead  [13].  The 
propagation  data  of  Jones  [1]  provides  the  first  estimates 
of  the  fitting  parameters  co  to  ct  while  the  value  of  d  from 
the  Fourier  analysis  of  \Z\  and  Arg  Z  provides  the  first 
estimate  of  Cio-  To  perform  the  calculation  of  Z  (equation 
3)  we  require  methods  to  calculate  Legendre  functions  of 
complex  degree.  The  rapid  and  accurate  computation  of 
these  has  been  discussed  elsewhere  (Jones  and  Joyce  [14], 
Jones  and  Burke  [15]). 

After  the  curve  fitting  process  has  terminated  the  residuals 
Vi  =  \Z.(Ut)\  -  \Z(u,)\  (12) 

are  plotted  as  a  function  of  frequency.  If  these  exhibit  no 
trerd,  then  the  curve  fit  is  considered  successful,  if  not, 
further  coefficients  are  included  in  the  expression  for  v. 

4.  RESULTS 

Fig.  7  shows  the  responses  of  the  magnetic-field  solenoids 
to  test  signals  from  the  remote  calibration  antenna  when 
this  is  moved  through  the  four  geographic  quadrants  sur¬ 
rounding  the  receiving  antennas.  For  a  given  set  of  ELF 
event  waveforms,  Hn,  and  were  examined  to  decide  in 
which  quadrant  the  source  was  located.  It  is  also  necessary 
to  note  the  polarity  of  the  electric  field  waveform  to  resolve 
the  inherrent  ambiguity  of  bearing  deduced  from  the  mag¬ 
netic  field  waveforms.  Then,  in  the  frequency  domain,  the 
source  bearing 

was  calculated  and  a  check  made  to  ensure  that  the  source 
lay  in  the  expected  quadrant. 
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Many  hundred  events  were  recorded  in  the  period  Septem¬ 
ber  1988  to  August  1989  of  which  some  323  were  fully 
analyzed.  Data  analysis  was  conducted  in  an  interactive 
session  using  the  microcomputer's  graphical  capabilities. 
The  data  analysis  is  summarized  in  Fig.  8.  Results  of  the 
analysis  dealing  with  the  modal  eigenvalue  v  (attenuation 
and  phase  velocity)  are  dealt  with  by  Burke  and  Jones  [16]. 
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Consider  the  waveforms  illustrated  in  Fig.  9  which  shows 
an  ELF  event  captured  on  all  four  ADC  channels  (E,  Hns, 
Hew  and  T).  These  waveforms  were  recorded  at  14:04pm 
on  21st  September  1988.  The  event  was  preceded  and  fol¬ 
lowed  by  a  period  of  normal,  quiet  Schumann  resonance 
noise  which  suggests  that  the  event  was  caused  by  an  un¬ 
usually  large  lightning  flash  located  at  a  specific  point. 

Fig.  9  An  ELF  event 
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The  markers  at  the  foot  of  the  diagram  show  100  mS  in¬ 
tervale.  All  the  held  components  show  a  rapid  excursion 
to  mark  the  beginning  of  the  event;  this  is  followed  by 
a  decaying  ‘ring’.  The  initial  impulse  is  the  signal  that 
has  travelled  to  the  recording  station  via  the  direct,  or 
shortest  route.  This  is  followed  by  a  pulse  having  a  more 
prolonged  excursion  of  the  opposite  polarity  arriving  some 
ISO  mS  later.  This  is  the  pulse  which  has  travelled  on  the 
long  great  circle  path  to  the  recording  station. 

From  the  polarity  tests  described  above,  it  is  clear  that 
the  polarity  of  the  electric  field  and  the  two  magnetic  field 
polarities  at  the  beginning  of  the  event  locate  the  light¬ 
ning  flash  in  the  south-west  quadrant.  Furthermore,  by 
computing  the  bearing  0  from  equation  (13)  (which  gives 
the  angle  of  the  wavefront  from  the  north-south  direction), 
this  bearing  is  deduced  to  be  220±  7  degrees. 

In  Figs.  10a  and  10b  the  variations  of  |£r|  and  |f/«|  with 
frequency  are  given.  The  spectra  of  the  two  field  compo¬ 
nents  are  clearly  different.  However,  the  Schumann  reso¬ 
nance  modes  can  be  observed.  In  the  case  of  the  electric 
field,  the  odd  modes  are  weak  while  the  even  modes  are 
strong.  For  the  magnetic  field,  the  opposite  is  true;  the 
even  modes  are  weak  and  the  odd  modes  are  quite  pro¬ 
nounced  .  This  behaviour  is  characteristic  of  spectra  from 
a  distance  of  about  10  Mm.  In  Figs.  11a  and  11b  the  spec¬ 
tra  for  \Z\  and  Arg  Z  for  this  event  are  shown  together  with 
the  fitted  curves  deduced  from  the  numerical  optimization 
algorithm.  The  spectra  have  been  normabzed  to  the  wave 
impedance  of  free  space.  The  spectra  are  of  the  form  of  a 
quasi-sinusoidal  decaying  oscillation.  The  mean  level  of  \Z\ 
is  a  somewhat  greater  than  one  and  that  of  Arg  Z  is  about 
180  degrees.  The  propagation  distance  deduced  from  the 
optimisation  curve  fitting  process  is  9.8  Mm. 


Fig.  10a  E-Field  Amplitude  Spectrum 
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Fig.  10b  H-Field  Amplitude  Spectrum 
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The  residuals  r,  =  |2Te,|-|Z.j  from  the  curve  fitting  process 
are  shown  in  Fig.  12.  No  trend  is  apparent  so  it  is  evident 
that  the  optimisation  is  adequate. 
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Figs.  13a  and  13b  and  14a  and  14b  show  two  further  ex¬ 
amples  of  the  wave  impedance  spectra  of  two  events  with 
deduced  propagation  distances  of  10.8  Mm  and  11.7  Mm 
respectively.  The  form  of  the  spectra  is  similar  to  the  event 
described  above  although  the  ‘periods’  of  |Z|  and  Arg  Z 
arc  correspondingly  greater. 
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Fig.  IS  shows  a  histogram  of  source  distances  for  all  the 
data  analysed.  The  distribution,  which  is  dearly  not  Gaus¬ 
sian,  has  a  mean  of  7.4  Mm  and  a  standard  deviation  of 
2.3  Mm. 

Of  somewhat  more  interest  is  Fig.  16  which  shows  the  ge¬ 
ographic  locations  of  all  the  ELF  events  analysed.  Each 
point  represents  one  ELF  event  which  has  been  located 
using  the  technique  described  above.  It  is  clear  that  the 
sources  of  ELF  events  tend  to  be  located  in  tropical  re¬ 
gions.  This  presumably  reflects  the  well-known  fact  that 
world  thunderstorm  activity  is  a  maximum  in  the  trop¬ 
ics.  Few  events  occurred  north  of  the  observation  site' (in 
northern  polar  regions  or  northern  Pacific  regions)  which 
is  due  to  the  paudty  of  lightning  activity  in  these  areas. 
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Fig.  16 


5.  CONCLUSION 

A  system  for  the  reception  and  recording  of  ELF  events  has 
been  described.  Some  320  events  have  been  analysed  and 
located  using  a  curve  fitting  optimisation  algorithm.  Most 
were  located  in  tropica]  regions.  A  method  of  monitor¬ 
ing  worldwide  thunderstorm  activity  from  a  single  station 
(so  far  as  it  relates  to  ELF  events)  has  thus  been  demon¬ 
strated. 
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DISCUSSION 
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Have  you  determined  the  occurrence  or  the  morphology  of  the  events  in  the  equatorial  region  as  a  function  of  season?  (You 
directed  your  answer  towards  the  propagation  rather  than  the  generation). 

AUTHOR’S  REPLY 

The  ELF  event  activity  recorded,  which  relates  to  unusually  large  flashes,  agrees  well  with  the  known  temporal  and  spatial  variation 
of  thunderstorm  centers. 
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LES  SEQUENCES  W.  G. 

SEQUENCES  BINAIRES  QUASI  PARFAITES 

THE  W.G.  SEQUENCES 

QUASI  PERFECT  BINARY  SEQUENCES 

C.  GOUTELARD 

Laboratoire  d'Etude  des  Transmissions  Ionosphdriques 
University  Paris-Sud 

Batiment  214, 91405  Orsay  Cedex,  France 


RESUME- 

La  recherche  de  sequences  prdsentant  de  bonnes  fonclions 
de  correlation  periodiques  est  un  sujet  stir  lequel  se 
focalisent,  depuis  Iongtemps,  bien  des  recherches.  Les 
sequences  binaires  offrent  un  intdrdt  particulier  4  cause  de 
leur  simplicity  de  generation  et  de  traitement. 

Les  sequences  W.G.  (Wolfmann-Goutelard)  presentees  dans 
cet  expose  possident  des  functions  de  correlation 
periodiques  quasi  parfaites,  telles  qu'en  dehors  du  pic 
central,  ccs  fonclions  sont  nulics  cxcepte  en  un  point. 

It  est  montre  alors  que  la  structure  des  sequences  W.G.  est 
unique  el  qu'elle  rdsulte  de  l'entrelacement  de  trois 
sequences  periodiques. 

Les  propridtds  de  ces  sequences  sont  etudiees  et  il  est 
montre  que  des  algorilhmes  de  determination  rdduisent  la 
complexite  de  leur  recherche. 

Les  conditions  d'existence  -  ou  de  non  existence  -  de  ces 
sequences  sont  donndes  et  les  sequences  existant  pour  les 
longueurs  N  =  8a  +  4,  N  =  16a  +  4  et  N  =  32a  +  4  oil 
a  £  Z  sont  donndes  jusqu'4  N  =  20000. 

1.-  INTRODUCTION  - 

L'utilisation  de  sequences  periodiques  ou  apdriodiques  4 
fonction  de  correlation  nulle  en  dehors  du  pic  central  est 
d'un  grand  int£i£t  dans  les  probldmes  de  radiolocalisation  de 
telecommunication  et  de  radar. 

On  demande,  la  plupart  du  temps,  que  le  signal  soit  4 
amplitude  constante  et  que  les  sequences  soient  binaires 
pour  faciliter  leur  generation  et  le  traitement  du  signal  4  la 
reception.  Des  sequences  apdriodiques,  telles  les  sequences 
de  Golay,  presentent  ces  caracteristiques  (figure  1).  Elies 
ndcessitent  une  emission  discontinue  ginante  dans  bien  des 
applications.  Des  sequences  periodiques  polyphases  [1]  [2] 


ou  4  trois  moments  [3]  presentent  de  telles  caracteristiques. 
On  ne  connait  pas  de  sequences  binaires  pi£sentant  ces 
caracteristiques  et  il  a  ete  montre  qu'il  n'en  existait  pas  pour 
les  longueurs  N  comprises  entre  4  et  12100  (4].  Seules  les 
sequences  pseudo-aldatoires  ou  les  sequences  pseudo- 
orihogonales  [5]  ont  des  fonclions  de  correlation 
s'approchant  de  celles  souhaitees. 

II  a  et£  recherche  des  sequences  binaires  telles  que  leur 
function  de  correlation  demeure  nulle  sur  un  espace  aussi 
grand  que  possible  centre  sur  le  ddcalage  nul.  Ces  sequences 
nomm£es  Cazac  ont  ete  d£crites  par  R.J.  Polge  [6]  qui 
donne  une  amorce  de  procedure  de  construction  limitee,  par 
sa  complexity,  aux  sequences  de  faibles  longueurs.  Une 
recherche  exhaustive  par  ordinateur  faite  par  R.  Alexis  [71 
jusqu'4  N  =  30  a  montre  que  des  sequences  presentaient  des 
functions  de  correlation  nulles  cxcepte  pour  un  ddcalage  nul 
et  pour  un  ddcalage  dgal  4  N/2.  De  plus,  l'auteur  a  montre 
que  N  ne  pouvait  dire  qu'un  multiple  de  4. 

J.  Wolfmann  [8]  s'est  attache  4  rechercher  'es 
caracteristiques  gendrales  des  sequences  dont  les  fonclions 
de  correlation  sont  nulles  cxcepte  pour  un  ddcalage  nul  et  un 
ddcalage  dgal  4  N/2.  11  en  a  ddfini  les  caracteristiques 
gdndrales  et  a  observe  sur  des  rdsultats  expdrimentaux 
dtablis  sur  des  sequences  de  petites  longueurs  la  repetition 
d'une  structure  caractdristique  du  vecteur,  ddfini  par  le 
produit  de  Cauchy  de  la  sequence  et  de  son  translate  d'un 
symbole. 

En  conservant  cette  structure  pour  des  longueurs  plus 
grandes  il  a  pu  determiner,  par  une  recherche  informatique, 
des  "sequences  4  auto  correlation  presque  parfaite"  jusqu'4 
des  longueurs  de  100.  Si  toutes  les  sequences  existantes 
pour  N  £  100  respectent  les  structures  utilisdes,  J. 
Wolfmann  n'a  pu  demonlrer  que  les  sequences  4  correlation 
quasi  parfaites  devaient  respecter  la  structure  qu'il  avait 
remarqude  sur  des  rdsultats  expdrimentaux  ni  qu'au-deUt  de 
la  longueur  100  il  n'existait  d'autres  sequences  possddant  les 
mdmes  fonctions  de  correlation. 
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L'etude  presentee  ddmontre  que  seules  les  sequences  W.G. 
(Wolfmaim-Goutelard)  possident  les  fonctions  de 
correlation  souhaitdes  et  ont  une  structure  unique  dans 
laquelie  entrent  les  "sequences  &  auto  correlation  presque 
parfaite”.  Les  prapriitds  particuliires  de  ces  sequences 
permettent  de  ddfinir  des  algorithmes  de  construction  rapide 
ainsi  que  des  conditions  d'existence  ou  de  non  existence 
pour  certaines  longueurs. 

L'introduction  de  fonctions  spdciflques  utiles  pour  le 
developperaent  est  faite  dans  le  chapitre  3. 

n.  -  RESULTATS  ACOlftS  ET  DEFINITIONS  - 

Nous  utiliserons  comme  base  de  depart  les  resultats  acquis 
suivants : 

-  Les  suites  W.G.  ne  peuvent  exister  que  dans  des 
longueurs  N  multiples  de  4. 

-  La  fonction  de  correlation  d'une  suite  de  symboles 
reels  ti 

*«.i) 

prend,  pour  un  ddcalage  k  donnd,  la  valeur 
N-l 

%  =  2  *i+J; 

i=0 

les  indices  etant  definis  modulo  N. 

Pour  une  suite  binaire  on  donne  habituellement  les 
valeurs 

*  i  =  1  si  le  symbole  binaire  est  dgal  It  0 

*i  =  -1  si  le  symbole  binaire  est 

dgali  1. 

Avec  cette  correspondance,  pour  les  sequences  presnue 
parfaites : 

C);  ■  0  exceptd  pour  Co  =  N 

C„/2  =  -  (N-4) 

III.  -  IRANSFORMEES  ET  CORRELATIONS  - 

ni.l.  Definllions 

Soit  F2  =  {  0,  1}  le  corps  fini  d'ordre  2  et 
F2"  =  {  g  =  (go-  gi- gi  -  g».i)  |  gi  «  F2  }  (1) 

On  definit  le  vecteur  a  ddduit  de  g  par 
a  =  (aj,  a„  ...  a, ...  afc.,)  o£i  a,  =  (-1)8* 

On  peut  ddfinir  les  suites  pdriodiques  g  et  a  par  les 
polyndmes  formels 


N-l 

E(x)  =  S  Q  gi  *'  dans  G(N)  =  F2(x)  /  (xM)  (2) 
et  N-l 

8(x>  =  a‘  x'  dans  ®(N)  **  F(x)  /  (x»-l)  (3) 

m.2.  Fonctions  de  correlation 

Soit  deux  sequences  pdnodiques  z,(X)  et  z2(X)  definies 
par  les  polyndmes  formels 

N-l  N-l 

zi(x)  =  ?  z,,,  x*  et  z2(x)  =  2  zj,,  x1 
i=l  i=l 

oiiz,  ,,  z2ii  e  C. 

On  ddfinit  la  fonction  de  correlation  periodique  par  la 
sequence 

ci,2  =  (Co-  ct  c»  <Vi)  telle  que 

N-l  N-l 

=  ?  z*i,i  z2,i.t  =  S  z'n.j,  z2(  (4) 

t=0  i=0 

oil  les  indices  sont  definis  modulo  N  et  oil  z*  denote  le 
conjugud  de  z. 

La  sequence  Cj  2  peut  itre  representfe  par  le 
polynAme  formel 
N-l 

Cl, 2<x>  “S  ck  xk  (5) 

k=0 

C),2(x)  s'expnme  par  le  produit 

Cl, 2<>0  =  z’,(x)  •  z2(!/„>  (6) 

Si  z2(x)  =  z,(x)  =  Z(X)  alors  Cj^OO  =  C(x)  est 
l'auto  correlation  periodique. 

Dans  le  cas  de  sequences  rdelles  periodiques 

N-l  N 

ri(x)  .  ri.i  *'  «  rz(x)=.S  r2ji  x' 
i=0  i=0 

oil  r1<(,  r2>|  e  R  les  relations  precedentes  se 
transposent  sans  difficulte  et 
c12.(x)  =  ri(x)  r2(i/*i 

On  montre  dassiquement  que  le  coefficient  ck  se 
calcule  A  I’aide  de  la  distance  de  Hamming  d12(];) 
entre  la  suite  a,(xj  et  la  suite  a2(x)  x"k  par  la  relation  :• 

ck  =  N  -  2  d12(|;) 

HI.3.  p  transfornide  et  d  permutee  d’une  sequence 
Btrlodigtit 

Dans  la  suite  de  cet  expose,  nous  nolerons  pour 
alldger  la  notation  :• 
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N-l 

E  la  somme 

E 

pour  toute  valeur  entidre  de  i 

1 

i=0 

N-I 

E  la  somme 

E 

pour  toutes  les  valeurs  paires  de  i 

iO 

i=0 

N-l 

E  la  somme 

E 

pour  toutes  les  valeurs  impaires  de  i 

il 

i=0 

Les  indices  seront  di finis  modulo  N. 

Soil  une  suite  periodique  ii(X)  =  z(x)  *=  E  ZJ  x* 

i 

que  nous  appellerons  sequence  de  base  ou  sequence  un 
permutfe. 

On  appdlera  sequence  p  permutfc  la  sequence  : 

zp(x)  =  *(xP)  =  ?  zi  *P‘  o'  P-fN 

et  pp’  =  1  (7) 

La  sequence  Zp(x)est  alors  unique  et : 

*PW  "  ?  Z>P'  x‘ 

i 

Bile  est  obtenue  par  une  permutation  des  elements  de 
la  sequence  z,(x). 

On  appellera  p  transformee  d'une  sequence  Z(x)  la 
sequence  ddfinie  par  le  polyndme 

zp(x)  ”  £  ^(Wp-h)  xh  =  £z~h  xh  (8) 

h  » 

oil  Wp  =  exp  (j  2l  p)  (9) 

N 

II  est  simple  de  montrer  que  : 

Z(x>  et  z^x)  sont  ddfinies  de  faq-.n  bijective  par  la  p 
transforms  inverse 

z(x)=^  ^(Wpl)  x'  (10) 

m.4.  p  traasformS  d'une  sequence  rfelle  fix) 
D'aprbs  (12)  alors 

rp(x)  =  E  r(Wp’h)  xh  =  E  q,  xh  (11) 

II  est  alors  facile  de  ddmontrer  que : 

-  SI  une  sequence  est  rfelle,  alors  r(i/x)  =  r(x)*  ^  12) 

(13) 


-  Si  une  sequence  rfelle  est  symetrlque,  alors  rjj  est 
rfel  et  rfclproquement. 

Une  sequence  est  symetrique  si  r(j/x)  =  r(xj 
ce  qui  entraine  la  double  implication : 

f(x)  ■  r  (1/x)  <  =  =  >  r"p(x)  <*  rp(l/x)  =  rp(x)»  (14) 

-  Si  une  sequence  est  antlsymdtrique,  alors  rj,  est 
Imagtnalre  et  rfclproquement. 

Une  sequence  est  antisymftrique  si  r(j/x)  =  -r(X)  ce 
qui  entraine  la  double  implication : 

f(x)  =  -  r  (1/x)  <  =  =  >  rp(x)  =  -  rp(l/x)  »  -  fp(x)» 

(15) 


DI.S.  La  a  transforms  zpotxl  d'une  sequence 
zd(x)  est  la  o'  permulfe  de  to  un  transform^ 
de  znfxl 

Cette  demonstration  est  dvidente. 


m.6.  La  o  transformfe  d'une  sequence  n  nermutde 
mafaLsa  Ja  p  transfgnnfe  de  to  sequence  g 
permutde  zon(x) 


La  q  transformee  d’une  sequence  p  permutde  est 
denude  par 


2pq(x)  =  E  Zp(Wq-')  x1 

(16) 

d'ob  Ton  ddduit  sans  peine : 

K 

II 

(17) 

m.7.  n  transformee  des  fonctlons  de  correlation 

pertodlauts 

Soient  les  2  sequences  periodiqucs  quelconques  bj(~> 
et  t>2(x)  ddfinies  precedemment  et  dont  la  fonction  de 
correlation  est  donnde  par  (6). 

La  p  transformee  vaut  alors 

Cpi2(x)  =  £  z,*  (Wp  h)  z2  (Wph)  xh  (18) 

et  dans  le  cas  de  1'autocorreiation 
Cp(x)  =  £  a*  (Wp'*1)  z(Wph)  xh 

***  Cp(x)  =  E  I  z(Wph)  I  2  xh  (19) 

h 

Dans  le  cas  de  suites  rtelles, 

Cpi2(x)  =  E  r,  (Wp'h)  r2(Wph)  xh 


et  alors 


rN-h  =  tfWp11)  =  fh' 
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Si  on  pose  rj  (Wp**1)  =  Aj  Woal 

r2(Wph)  =A2W0“2  (20) 

avec  Wo  =  exp(j*) 

Alors  Cj2(x)  est  une  fonction  symdtrique  si  et 
seulement  si,  d'aprds  (14) 

Cpi2(x)  est  it  coefficients  rdels  soit 
°1  "  “2  +  2“  oil  a  e  Z 
C j2(x)  est  une  fonction  antisymdtrique  si  et  seulement 
si,  d'apris  (IS) 

Cpj2(x)  est  &  coefficients  imaginaires  soit 

ai  =  02  +  1  +  2a  (21) 

D  est  important  de  remarquer  que 

si 

Ci2(x)  -  -  C[2(l/x)  et  t2(x)  =  r2vl/x)  =  > 
ri(x)  =  -ri(l/x)  (22) 

Soit  r2(x)  =  r2(l/x) 

alors  de  (12)  r2p(x)  =  t2p(l/x)  =  I2p*(x) 
et  d'apris  (20)  02  =  0. 

Alors  d'apiis  (21),  (20)  et  (12) 

“1  =  1+  2a,  riph  =  r]*p.h  done  r~lp(x)  =  -  rip(l/x) 
et  d'aprds  (15)  rj(x)  =  -  n(l/x) 

IV.  -  STRUCTURES  DES  SEQUENCES  W.G.  - 
IV.1.  Definitions 

Nous  ddfinirons  les  sequences  W.G.  par 

gl(x)  =  E  gj  x‘  ou  bi(x)  =  E  bj  x‘ 

i  i 

avec  g;  €  F  2  et  bj  =  (-1)8' 

11  est  simple  de  montrer  de  C(„/2)  =  -  (N-4)  implique 
que  bl/J+i  =  -b;  (7]  exceptd  pour  une  valeur  in  de  i 
pour  laquelle  on  ddfinit  les  dldments  neutres  bjn  = 
W/j+in- 

11  est  done  toujours  possible  de  choisir  pour  les 
sequences  W.G.  la  forme  canonique  suivante  : 

bt(x)  =  £  bj  x1 
i 

avec  les  dldments  neutres  b</4  =  bj,,4  =  - 1 

la  condition  initiate  bo  =  1  ,  b>/2  =  - 1 

la  relation  b(/j  +  j  =  -  bj  V  i  *  N/4,  3N/4  (23) 

et  4  laquelle  correspondra 

gl(x)  =  E  gj  x1 


1V.2.  p  transforms  des  sequences  W.G. 

n  est  intdressant  de  poser : 

bl(x)  =  n(x)  +  b(x)  (24) 

avec  n(x)  =  xw‘  +  x3*'*  composde  des  seuls 
dldments  neutres 

b(x)  =  E  b;  x' 

i  A  km  et  sum 

La  p  transform  de  de  n(x)  est  done 

np(x)  =  £  ( Wp  -h  “rt  +  Wp  •hw/* )  xh 
h 

compte  tenu  du  fait  que  p  est  impair  et  en  posant 

eh  =  n-(-l)K)/2 

np(x)  =  E  2  (1  -  <h)  W  •h,/4  xh  =  E  n~h  xh 
h  h 

(25) 

Tous  les  coefficients  des  termes  de  puissance  impaire 
sont  mils. 

Tous  les  coefficients  des  termes  de  puissance  pairc  ont 
un  module  dgal  4  2. 

La  p  transformdc  de  b(x)  est  done  :• 

bp(x)  =  £  b(Wp-h)  xh 
et  s'dcrit  apris  ddveloppement : 

bp(x)  =  E  eh  [  2bo  +  2  E  ‘  (bj  Whi  +b.j  W-j  ]  xh 
h  i=I  (26) 

La  p  transformdc  de  b,  (x)  est  donndc  avec  (25)  et  (26) 
par 

blp(x)  =  np(x)  +  bp(x) 

IV.3.  fl.transfomide  de  la  fonction  de  corrdlation 
des  suites  W.G. 

La  q  transformdc  de  la  fonction  de  corrdlation  C(x) 
(31)  est  donndepar 

y*  V'  r  *8  it  . 

Cq(x)  =  E  [  N  -  (N-4)  WqJ  ]  xh 
h 

•  5 

soit  puisque  Wq2  =  (-1) 

C^(x)  =  E  [  (N  -  (N-4)  (-l)h  ]  xh  =  E  c~h  xh 
h  h 

La  q  transformdc  est  invariante  avec  q. 

IV.4.  Contraintes  des  o  transformdes  des  sequences 
W.G. 

De  la  relation  (18)  appliqude  au  cas  des  sdquences 
rdelles  il  vient : 

4  =  |  nh*  +  bh  |  2 
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Soit: 

-  Si  h  est  pair  I  nh  I  2 

relation  toujours  vfrifide  q,  ■=  4,  |  nj,  |  =2 

-  Si  h  est  impair  q,  =  2N  -  4  =  jbh  |  ^ 
soit  d'aprts  (26) 

a  -i 

4 

2bo  +  2  £  (  bi  Wp'hi  +  b.j  W?hi )  =  A0  W0 

i=l  (27) 

oil  Ao  =  (  2N  -  4  ]  '^  et  ctQ  une  fonction  rfelle  de  h. 


Les  contraintes  sont  imposdes  sur  la  sequence  b(x) 
dont  la  p  transform^  ne  comprend  que  des  termes  de 
puissance  p  impair.  Nous  retiendrons  ce  rfsultat  pour 
la  suite. 

On  peut  dcrire : 

b(x)  =  P(x)  +  <!(x) 
ou 

P(x)  *  ?  bj  x1  (i  pair) 


q(x)  =  £  bi  x* 
*1 


(i  impair) 


et  pour  lesquelles  les  coefficients  des  p  transformdes 


_  -«.h)> 

^t  =  £  biWpW  et  jyh  =  E  b;  Wp 
10  2  10 

qh  =  £  bjWp-bi  et  <,"  h  =  £  bj  Wp 
U  2  11 


-a 

puisqueWp*  =  (-1) 

de  (27)  (28)  (29)  il  vient  done 

I  Ph  +  Oh  I  =  I  .  '-ii.  I 

soit  en  posant  ph  /sp  Mq  “p 
et  %  -  Aq  W0  °q 

|ap  +  AqW0(<VaP3|  =  I  Ap  -  Aq  W0  (aQ  ‘  V  | 
Cette  relation  est  vdrifrfe  si,  et  seulement  si : 

ciq  =  ap  +  1  +  2a 

D'aprfs  (21)  il  s'ensuit  que  la  fonction  de  corrflation 
pdriodique  Cpq(x)  entre  les  sdquences  p(X)  et  q(x)  est 
antisym&rique. 


Les  sequences  p(r)  et  q(xj  sont  toujours 
ddcomposables  de  la  faqon  suivante : 

P(x)  =  P'(x)  +  P'(x) 

9(x)  =  Q’(x)  +  q'(x)  (30) 

oil  P'(x)  =  P'(l/x).  Q’(x)  =  Q'(l/x) 

sont  des  sequences  paires 

P“(x)  =  -  P'(l/x).  q’(x)  =  -  Q’(l/x) 
sont  des  sequences  impaires 

Si  on  pose 

P‘(x)  =  V  P  ix'  i  P”(X)  =  ?  P’i*' 

‘0  K) 

q‘(x)  =  S  q'i  x1  ;  q*(x)  =  £  q’ix' 

'1  U 

alors 

-  p'j  =  p'j  =  0  pour  i  =  ^  impair  si  N  ■  0  mod  8 

'  Q’i  =  q’i  =  0  pour  i  =  8  pair  si  N  +  0  mod  8 

•  P’l  =  P'N-i  (Q'i  =  Q’N-i)  =  b,  et 

P’i  =  P’N-i  (q’i=q‘N-i)  =  0  si  bN-i  =  b,  *  0 

-  P’i  =  -P’N-i  (q’i=-Q’N-i)  =  bi  et 

P'i  =  P’N-i  (q’i=q'N-i)  “  0  si  bN-i  =  -bj  f  0 

La  fonction  de  corrflation  s’dcrit  alors 
Cpq(x)  =  Cp.q'(x)  +  Cp-q-(x)  +  Cp'q-(x)  +  Cp-q  (x) 

Les  deux  demiferes  fonctions  sont  antisymdtriques.  En 
effet : 

Cp'q”(x)  =  p'  (x)  q’(l/x)  =  -  p’(i.'x)  q‘(x)  =  -  Cp'q-(l/x) 
Les  deux  premidrcs  fonctions  sont  symdtriques. 
Cp'q'(x)  =  P'00  q’(l/x)  =  p'(l/x)  q'(x)  =  Cp.q'(l/x) 
Cp-q-(x)  =  p*(x)  qHl/x)  -  p"(l/x)  q"(x)  =  Cp-q-(l/x) 

La  fonction  de  corrflation  est  done  antisymdtnque  si 
et  seulement  si 

Cp-q-(x)  +  Cp-q.(x)  =  0  (31) 

Si  Ton  pose 

Cp'q'(x)  =  £  c'k  xk  et  Cp-q*(x)  =  £  c'k  xk 
la  condition  (31)  impose 

c'k  +  c"k  -  0  Vk  (32) 

relation  toujours  vdrifide  pour  k  pair  et  pour  k  impair, 
d'aprfs  (4) 

c'k  =  £  p'j  q’i+k  et  c*k  =  £  p”i  q*i+k 
H)  H) 

Si  la  relation  (32)  est  vdrifide,  l/2C'k  et  l/2C’k  ont 
dvidemment  la  mdme  paritd. 
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Si  on  considire  Its  suites  b(x),  p(x)  et  q(x),  d'lpris 
(24)  et  (28) 

b(x)  comporte  N  -  2  termes  non  nuls 
(33) 

p(x)  comporte  P  termes  non  nuls  :■ 

P  =  ^-2  si  N  ■  0  mod  8 

carle  degrides  iliments  neutres  est  pair 
P  =  N  si N  0 mod 8 

q(x)  comporte  Q  termes  non  nuls  : 

Q  =  ^  si  N  *  Omod  8 

Q  =  M.2  si  N  jt  0  mod  8 

£  est  done  toujours  impair,  2  est  toujours  pair. 

On  posena  P  =  P’  +  P"  oil  P'  et  P"  sont 
respcctivement  le  nombre  de  termes  non  nuls  de  p'(x) 

«P*(x)- 

De  mime  Q  =  Q'  +  Q"  o 0  Q'  et  Q"  sont 
respcctivement  le  nombre  de  termes  non  nuls  des 
sequences  q‘(x)  et  q"(x). 

Si  on  considire  c'k ,  on  peut  distinguer  3  types  de 
termes 

-  P'k  termes  non  nuls  - 

p'k  est  pair  car  p',  q'i+k  =  p'i+«  q'j+k+j 

Ces  termes  n'ayant  que  deux  valeurs  possibles  +  1  ou 
•l 

p'k  =  p'k+  +  p'k-  p’k+  «  p'k-  K>m 
respcctivement  les  nombres  de  termes  prenant  la 
valeur  +  1  et  -  1. 

Done  c'k  =  P'k  -  2P'„.  et  comme  P'k_  est  pair  c'yj2 
&  la  paritd  de  P'k/2 

-  Zk  termes  nuls  par  le  fait  qu'un  seul  des  termes  p'j 
ou  q'i+k  =  0  et  pour  i  *  M  et  \  +  k  f  II  (34) 

-  Les  termes  nuls  situis  k  la  place  des  iliments  neutres 
(35) 

.  apparaissent  dans  p'JJ  et  p'2t(  si  N  *  0  mod  8  et 
4  4 

si  q'M+k  ^  0  on  posers  ek  =  1  sinon  on  posera  €k  =  0 
4 

.  apparaissent  dans  q’U  et  q'2H  si  N  #  0  mod  8  et 
4  4 

si  p'N-k  #  0  on  posera  £k  =  1  sinon  on  posera  ek  =  0 

Le  nombre  total  de  termes  des  deux  siquences  P'(x)et 
q'(x)  vaut  done 

P'  +  Q'  =  2P'k  +  Zk  +  2  e  k 
Pour  le  terme  c"k  on  distingue  les  mimes  types  de 
termes 


-  Q'k  termes  non  nuls  et  pour  les  mimes  raisons  que 
pricidemment 

&  la  paritd  de  Q'k  /2  (36) 

-  Zk  termes  nuls  par  le  fait  qu'un  seul  des  termes  p*| 

oil  q’i+ic  =  0  et  pour  i  ^  ^  et  i  +  k  4=  . 

En  effet  d'apris  (28)  (30)  et  (34) 

p'i  =Oetq'i+k  *0  <  =  >  p*,  *Oetq‘j+k  =  0 

p'i  ^  Oetq'j+jt  =  0  <  =  >  p'i  =  Oetq"j+k  #  0 

-  Les  termes  nuls  situds  k  la  place  des  iliments 
neutres : 

(37) 

.  apparaissent  dans  p’H  et  p*3N  si  N  *  0  mod  8  et 
4  4 

d'apris  (28)  (30)  et  (35) 
q'H+k  *  0  si  ek  =  0 

4 

.  apparaissent  dans  q'tj  et  o~3N  si  N  #  0  mod  8  et 
4  4 

d'apris  (28)  (30)  et(35) 

p"hi.k  *  0  si  £k  =  0 
4 

Le  nombre  total  de  termes  des  deux  sdquences  p’(X)  et 
q*(X)  vaut  done : 

P-  +  Q"  =2Q'1;  +  Zk  +  2(  1  -£k) 

ayant  mime  panti,  (35),  (38)  conduisent  b 
P"  t  Q‘  -  P*  -.Qlea2  +  £k  =  0  mod  2  (38) 

Cette  relation  montre  que  £k  doit  etre  invariant  avec 
k,  ce  qui  implique  que  dans  chaque  doublet 
{  P’(x).  q'(x) }  «  {  P"(x).  q’(x)  }  siquence  qui  ne 
comporte  pas  les  iliments  neutres  doit  itre,  sort  nulle, 
soit  complite,  c'est-H-dire  que  tous  les  coefficients  des 
valeurs  possibles  de  1(10  ou  ij)  soient  diffirents  de  zdro. 
Cette  siquence  est  done,  soit  symitnque,  soit 
antisymitrique.  D'apris  (22)  l'autre  siquence  est  done 
respectivement  antisymitnque  ou  symitnque. 

Les  seules  configurations  possibles  sont  done  : 

P(x)  =  P(l/x)  et  q(x)  =  -  q(l/x) 
ou  p(x)  =  -  P(i/x)  el  q(x>  “  q(i/x) 

Cette  derniire  solution  est  impossible  car  p'(xj  #  0 
puisqu'elle  contient  bo  =  1 
La  seule  solution  possible  est  done 

p-(x)  =  0  et  q'(x)  =  0  (39) 

La  relation  (38)  s'icrit  alors 
0:P.:2  +  ek  ■  mod  2 
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soit,  coropte  tenu  de  la  relation  (33)  en  posant 
£  N  =  0  si  N  ■  0  mod  8 
£  jj  =  1  si  N  #  0  mod  8 

P  =  N.2(1-£n)  Q=£-2£N 

ce  qui  entraine 

£k  =  «N 

rv.fi.  Structure  dts  sequences  W.G. 

T  ik  sequences  W.G.  sont  done  difinies 
-  par  leur  forme  canonique  (23) 

bi(x)  =  E  bi  x* 


avec  les  iliments  neutres 

ba  52  ba  “  1 

4  4 

Les  conditions  initiates 

bo  =  1  bjj  =  -l 

2 

b  a+i  **  *  bi 

2 

-  Dc  (24),  (28)  et  (39) 

bl(x)  =  **(x)  +  P(x)  +  9(x) 

avec 

a  2? 
n(x)  =  **  +  *‘ 

P(x)  =  E  b;  x* 

'0 

9(x)  =  ?  b,  X* 

*1 

np(x)  =  nj,  xh  , 

h 

h  pair,  |  nj,  |  =  2 

Pp(x)  =  S  Ph*th. 

h  impair,  ph  r^' 

9p(x)  =  ?  q"h  xh  , 
h 

h  impair,  %  = 

imaginaire 

et  la  relation : 

lphl*+  I  4  I*  =  2N-4  (40) 


-  Les  propri&ds  des  sequences  n(„),  p(X).  <)(x)  sob! 

(41) 

n(xP)  =  n(x)  ■  "(x*+p)  =  n(x)  *  n(x“-P)  ="(*)  • 

a 

X2  n(xP)  =  n(x) 

a 

P(x-P)  =  P(xP)  .  P(xP)  -  -  P(xP)  • 

P(X*+P)  =  P(xP)  =  P(x-P) 
a 

q(x-p)  =  -  q(xp) .  *2  q(xP)  =  -  «i(xP)  . 

q(x*+p)  =  -q(xp)  =  q(x-p) 

-  Les  propri£t£s  ddduites  de  (39) 
bN-i^b; 

On  associe  k  eette  dif.r.ilion  (42) 

gl(x)  =  E  gj  x1 

til  bj  =  (-1)8* 

b((x)  et  gi(x)  s’expnment  done  par : 

(43) 

bi=(l  b,  bj... ba.„  ba  =  l. tw.i  =  (-1)  ba., 

...  -bj,  b, 

-1  -bj  -bj ...  -ba.„  ba  =  1.  (-l)e«*'  ba., ... 

...  bj,  -b, ) 

et 

gl  =  (0  g,  g2 ...  ga.,.  Ea  =  0.  ga.,  =  ga-,  +  e,  +  1 

•••&.  gi 

1  gi  g2-ga.,.  ga  =  0.ga.i  =ga.,  +  «» 
...gj.gi) 

oil  gj  denote  le  compliment  dans  F  2  de  gj.  gj  +  gj  =  ' 

La  forme  canonique  de  gj(x)  est  de Ja  forme 
g,  =  (0,G,0,G°,  1,  G,  0,  G°  ) 

avec  G  =  (g„g2  —  ga-i) 

G°  =  (  ga.,  +  «».  gs-i  +  ««♦’.  •••  «2.  gi ) 

qui  est  la  sequence  G  inversie  dont  les  dliments 
d'ordre  impair  sont  comptementds. 

G  et  G°  sont  les  sequences  complimenties  de  G  et  G°. 
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L'etude  ddveloppde  dans  ce  paragraphe  montre  que 
toutes  les  sequences  W.G.  respectent  les  conditions 
precedents  et  qu'il  n'existe  pas  d'autres  types  de 
sequences. 

Les  settles  structures  possibles  de  ces  sequences  et 
leurs  propridtds  gdndrales  sont  dec  rites  par  les 
relations  (39)  &  (43). 

La  relation  (43)  qui  donne  la  forme  canonique  des 
sequences  W.G.  montre  qu'elles  sont  ddfinies  par  N/4 
- 1  symboles. 


Les  propridtds  des  sequences  W.G.  se  deduisent 
directement  des  relations  (39)  It  (43). 


V.l.  Proprifte  1 


Toutes  les  permutations  circulaires  conservent  les 
propridtds  de  la  correlation  pdriodiques  des  sequences 
W.G. 

Cette  propnild  est  propre  4  toutes  les  sequences 
pdriodiques. 


V.2.  Propriety  2 


On  a  montre  que  la  q  transformee  d'une  sequence  p 
permutee  est  la  p  transformee  d'une  sequence  q 
permutee. 

La  p  transformee  de  la  suite  de  base  est  done  la  1 
transformee  de  sa  p  permutee,  qui  satisfaiPdonc  les 
conditions  de  correlation. 

V.4.  Pronriete4  . 

Les  sequences  compiementees  sont  des  translates  de 
sequences  4  elements  neutres  inverses, 
line  sequence  p  permutee  compiementee  est  definie 
par 

g,(xP)  =  E  g;  x'P 

11  correspond  la  suite  b,(x) 

bt(xP)  =  -  n(xP) '  P(xP)  -  9(xP) 

sort  d'aprbs  (41) 

b,(xP)  =  [ '  n(xP)  +  P(xP)  +  9(xP)  J  *  2 

ou  a  c  , 

bt(xP)  =  x  2  bt(xp)  (45) 

dans  laquelle 

bi(xP)  se  deduit  de  b,(xp)  en  compiementant  les 
elements  neutres. 


Le  poids  des  sequences  W.G.  est  egal  4  2.  Le  poids  de 
la  partie  formee  par  les  termes  pairs  est  egal  4  2«pj  et 
celui  de  la  partie  formee  par  les  termes  impairs  est 
egal  4  2(1 -eN). 

En  effet,  d'apris  (29) 

Ph=0  =  !  ?  *>i  I  *  wp 

'o 

9h=0  =  !  ?  bi  I  =  wq 

oil  wp  et  Wq  sont  les  poids  de  p(xj  et  q(xj. 

Comme  b,  .  =  -  b; 

V* 

Wp  _  Wq  =  0 

Si  N  is  0  mod  8  les  termes  neutres  sont  dans  la  suite 
pairc  et  dans  le  cas  contraire  dans  la  suite  impair®,  ce 
qui  demontre  la  proposition. 

v.3.  Propcide  3 

Les  p  permutdes  gp(x)  =  g,(xP)  de  la  sequence  de 
base  g,(x)  sont  egalement  des  sequences  W.G. 

En  effet,  on  a  montre  que  quel  que  soit  p,  la  p 
transformee  de  la  sequence  de  base  satisfaisait  les 
conditions  de  correlation. 


V.5.  Propritie  5 

Les  sequences  altemees  sont  des  sequences  W.G. 

On  appellera 

-  Sequences  altemees  impaires  ga(xp)  celles  dont  la 
valeur  des  elements  impairs  de  g,(xP)  est 
compiementee 

8a(xP)  =  8i(xP)  +  '(x) 

avec  I(X)  =  £  x> 
b 

-  Les  sequences  altemees  paires  sont  les  sequences 
altemees  impaires  compiementees 

£a(xP)  =  gi(xP)  +  >(x)  =  gi(xP)  +  P(x) 

avec  P(x)  =  £  x' 

*0 

Alors  6 

ba(jtP)  =  (-D  "  "(xP)  +  P(xP) '  9(xP)  <46> 


42*9 


qui  dooae  d'lpits  (40) 

Uhl  “2  «,’+  |  <5,1  »  =  2N-4 

qui  vdrifient  les  conditions  spectra] es  des  sequences 

W.G. 

ba(x)  et  son  complement  ba(X)  sent  done  des 
sequences  W.G. 

V.6.  Pronrtfte  6 

Les  sequences  inverses  g|(X-P)  des  sequences 
sont  des  sequences  altemees  de  g,(xp).  Elies  sont  4 
elements  neutres  inverses  si  N  jk  0  mod  S. 

Sip  f  N  aloisN-p  |  N 
«  b,(x*P)  =  "(x-P)  +  P(x-P)  +  d(x'P) 

D'apris  (41)  b,(x-p)  «  n(xp)  +  PfjJJ)  -q(xp) 

II  s'ensuit  en  comparant  avec  (46)  que 

bl(x*P)  =  ba(xP) 

si  €jq  =  C  *  0  mod  8 

c  M - 

bl(x-P)  =  l>a(xP)  =  X2  ba(xP' 

si  Cfq  =  1  soit  N  |k  0  mod  8 

V.7.Propri6te-7 

Les  sequences  permutdes  gl(xp)  et  gi(x2  "P)  sont 
dgales 

si  p  -f  N  alors  M .  p  ^  N 
et  b,(xp)  =  n(xp)  +  p(xpj  +  q(xP) 

D'apris  (41) 

n(x*’p)  ”  "(xP)  P(x*'p)  =  P(xP)  cl(x"‘p)  =  q(xP) 
done 

8i(xP)  =  8i(x2  *p) 


V.8.  EtanriMS 

La  p  permutes  de  la  translatee  de  la  forme  de  base 
gi(x)  est  une  permutde  de  g,(xP) 
soit  g',(x)  =x°  g,(x) 

8’i(xP)  =  xap  8t(xP) 


V.9.  Consequences  des  propriety  des  sequences 
W.G. 

A  partir  de  b  sequence  de  base  b](x)  on  peut 
constater  que  les  sequences 

bl(xP).  bl(xN-P).  bl(x“  'p).  bl(x*  *P)  »nt  hfes 
simplement : 

Soit 

bj(x)  =  S  bix1  bp(x)  =  bj(xP)  =  E  bjx’P 
alors 

bl(x  S  -P)  =  bi(xP) 
bi(x**P)  =  b1(x«-P) 


bi(x*-P)  « 

ba(xP) 

$i  N  ■  0  mod  8 

b|(xP) 

si  N  *  0  mod  8 

En  particulier  si  p  =  1 

bl(*2 

)  =  blW 

>*i 

bl(  x  2 

)  -  Mx'1) 

bi(x«-')  = 

ba(x) 

si  N  •>  0  mod  8 

ba(x) 

si  N  jl  0  mod  8 

VI.  -  EXISTENCE  EH  CONSTRUCTION  DES 
SEQUENCES  W.G.  - 

La  relation  (27)  doit  tore  vdrifide  quel  que  soit  h  impair. 
Comme  toute  p  permutde  sequence  W.G.  est  egalement  unc 
sequence  W.G.,  il  suffit  que  cette  rebtion  soit  vdrifide  pour 

p  =  1. 

La  relation  s'dcrit  alors : 

}■' 

2b0+  2  E  [  bj  Wfhl  +  b.j  Wihi  ]  =  [2N-4]'A  W„  “• 
i=l  (47) 

Les  sequences  peuvent  dtre  construites  4  partir  de  cette 
rebtion,  compte  tenu  des  propridtds  des  sequences  W.G. 

Si  on  appelle 

P„  =  #  { symboles  dgaux  4  b0  de  p(x) } 

P,  =  #  { symboles  dgaux  4  -b0  de  p(x) } 

Q0  =  #  { symboles  dgaux  4  1  de  qjx) } 

Q,  =  #{  symboles  dgaux  4  -1  de  q(x)  } 

P=lpo-p.  I 
q  =  iQo-Q.  I 
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La  relation  (47)  impose  : 

.  Pour  M  +  0  mod  2 
4 

(1  +  2q)J  +  (2p)J  =  if  - 1  (48) 

.  Pour^  /  0  mod  2 

o 

(1  +  2p)2  +  (2q)>  =  tf  - 1  (49) 

.  Pour^  t  0mod2 
16 

2P2(1  +  2p,)  +  q,J  -  +  2q,qj  =  0 

et  (50) 

(1  +  2p,)*  +  2p22  +  2(q,2  +  qjt)  =  N  -  1 
avec  p  =  p,  +  pj  a 

q  =  q,  +  qj 

Les  relations  (48),  (49)  et  (50)  permettent  de  determiner  les 
conditions  de  non  existence  des  sequences  W.G. 

Les  tableaux  1,  2,  3,  donnent  pour  les  longueurs  infdrieures 
it  20  000  celles  pour  lesquelles  il  n'existe  pas  de  sequences 
W.G.  Ces  tableaux  r6vdlcnt  qu'il  existe  un  grand  nombre  de 
sequences  W.G.  avec  un  choix  de  longueurs  tris  riche. 

Le  tableau  4  donne  un  exemple  de  ces  <dquences  pour  les 
longueurs  N/4  =  0  mod  2  infdrieure.  a  150. 

On  a  porte  les  sequences  de  base  desquelles  on  peut 
deduire : 

-  Les  sequences  q  permutees  dont  le  nombre  est  pour 

N  =  a“  b®  c  ...  ec  donne 
par  la  relation 

*(N)  -  N  (  >  *  1)(  «  -  ‘b>  -  (  1 '  J.) 

-  Les  sequences  compiementees  obtenucs  en 
compiementant  les  symboles  de  la  sequence. 

-  Les  sequences  obtenues  par  permutations  circulates, 
par  complementation  des  symboles  pair  ou  impair  et 
par  une  denture  inversde  des  symboles  sont  contenues, 
comme  il  l'a  ete  ddmontrd,  dans  les  sequences  q 
permutdes  ou  compiementees. 

Chaque  sequence  de  base  permet  la  generation  des  2  ♦(jq) 
sequences  de  meme  longueur  indiqudes  dans  le  tableau  4. 

Ainsi  pour : 

N  =  1004  2  ♦(1004)  =  500 

N  =  10004  2  ♦(10004)  =  48<» 

N  =  20012  2  ♦(20012)  =  10004 


La  croissance  rapide  du  nombre  de  sequences  existantes 
avec  N  est  une  proprietd  tris  intdressante  dans  les 
applications. 

La  figure  2  donne  les  sequences  q  permutdes  de  longueur 
28,  auxquelles  il  faut  ajouter  les  sequences  compiementdes, 
et  sur  lesquelles  on  peut  retrouver  toutes  les  propridlds 
dnoncdes  precddemment. 

vn.-  CONCLUSION  - 

Les  sequences  pdriodiques  binaires  W.G.  sont  les  settles  h 
presenter  une  fonction  de  correlation  nulle  en  dehors  du  pic 
central  et  d'un  seul  ddcalage.  Ces  fonctions  de  correlation 
sont  les  meilleures  que  l'on  puisse  obtenir  avec  des 
sequences  binaires. 

n  a  dtd  montrd  que  toute  sequence  prdsentant  ces 
caractdristiques  dtait  une  sequence  W.G.  et  done  qu'il  n'en 
existe  pas  d'autre. 

Les  structures  de  ces  sequences  ont  dtd  ddfinies  et  les 
longueurs  dans  lesquelles  il  est  possible  de  les  construire 
sont  des  multiples  de  4.  Cette  caractdristique  est  intdressante 
car  elle  permet  d’offrir  un  grand  choix  aux  utilisateurs. 
Leur  non  existence  a  dtd  determinde  jusqu'aux  longueurs 
20  000  el  des  exemples  de  sequences  W.G.  sont  donnds. 

L'utilisation  de  ces  sequences  offre  un  intdrdt  certain  dans 
les  problimes  de  radiolocalisation,  de  tdldddtcction  et  de 
telecommunication  ou  les  techniques  de  codage  offrent  des 
solutions  sdduisantes. 

Le  LETTI  a  applique  ces  techniques  au  sondage 
iorosphdrique  par  rdtrodiffusion  pour  rdduire  la  puissance 
d'dmission  ubltsdc.  II  est  connu  que  les  puissances  it  mettre 
en  jeu  sont  importantes  it  cause  des  pertes  dues  h  la 
propagation.  La  figure  3  rcprdsente  le  progris  qui  a  dtd 
obtenu  par  l'utilisation  des  techniques  de  codage  en  deux 
ddeennies.  En  1962,  la  technique  impulsionnelle  ndeessitait 
une  puissance  d'dmission  de  lOOkW.  Hn  1970,  le  LETTI  a 
mis  en  oeuvre,  dans  un  systime  de  sondeur  4  rdtrodiffusion 
monostatique,  une  premiere  mdthodc  de  codage  qui  a 
permis  de  rdduire  la  puissance  d’dmission  it  lkW. 
Actuellement,  ces  techniques  permettent,  it  qualitds 
signal/bruit  identiques,  de  rdahser  ces  mesures  avec  des 
puissances  d'dmission  infdrieures  4  1W.  Cette  illustration 
rdvdle  la  puissance  de  ces  techniques  que  les  sequences 
W.G.  peuvent  contnbuer  it  accroitre. 
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lAULbAl  1  1  305  longueurs  existantes 

Longueur  N/4  ^  0  mod  2  pour  lesquelles  !es  sequences  W.G.  n’existent  pas.  N  ^  20000  1  194  longueurs  non  existantes 
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80  : 

112  176 

1  272 

368 

432 

464  496  560  592 

656 

752 

816  848  912 

!  94 

1040 

1072 

1104 

1168 

1232 

1328 

1392 

1424 

1520 

1552 

1616 

1712 

1744 

1808 

1872 

1904 

2000 

2032 

2096 

2160 

2192 

2224 

2288 

2320 

2352 

2384 

2480 

2512 

2544 

2576 

2672 

2768 

2832 

2864 

2928 

2960 

2992 

3056 

3184 

3248 

3280 

3312 

3344 

3408 

3440 

3472 

3536 

3632 

3792 

3824 

3856 

3888 

3920 

3952 

3984 

4016 

4112 

4144 

4208 

4240 

4272 

4304 

4336 

4368 

4400 

4432 

4496 

4528 

4560 

4592 

4656 

4688 

4752 

4784 

4816 

4880 

4912 

4976 

5040 

5072 

5168 

5232 

5264 

5360 

5392 

5456 

5488 

5520 

5552 

5648 

5712 

5744 

5840 

5872 

5904 

5936 

5968 

6032 

6096 

6128 

6192 

6224 

6256 

6320 

6352 

6416 

6448 

6480 

6512 

6576 

6608 

6672 

6704 

6736 

6800 

6832 

6864 

6896 

6992 

7088 

7152 

7184 

7280 

7312 

7376 

7472 

7504 

7568 

7600 

7632 

7664 

7760 

7792 

7856 

7920 

7952 

7984 

8048 

8112 

8144 

8176 

8208 

8240 

8272 

8336 

8368 

8400 

8432 

8496 

8528 

8560 

8592 

8624 

8688 

8720 

8816 

8912 

9008 

9072 

9104 

9200 

9232 

9264 

9296 

9392 

9456 

9488 

9552 

9584 

9616 

9648  9680  9712  9776 

i  9872 

9968 

10032 

10064 

10128 

10160 

10192 

10224 

10256 

10288 

10320 

10384 

10416 

10448 

10480 

10512 

10544 

10640 

10672 

10736 

10832 

10896 

10928 

10992 

11024 

11120 

11152 

11216 

11312 

11344 

11376 

11408 

11440 

11472 

11536 

11600 

11632 

11696 

11728 

11792 

11888 

11920 

11952 

11984 

12048 

12080 

12112 

12144 

12176 

12240 

12272 

12368 

12432 

12464 

12560 

12592 

12656 

12752 

12784 

12816 

12848 

12880 

12912 

12944 

12976 

13040 

13072 

13136 

13168 

13232 

13264 

13328 

13392 

13424 

13488 

13520 

13552 

13616 

13712 

13808 

13840 

13872 

13904 

14000 

14032 

14064 

14096 

14192 

14224 

14288 

14352 

14384 

14448 

14480 

14512 

14544 

14576 

14608 

14640 

14672 

14736 

14768 

14832 

14864 

14896 

14960 

14992 

15024 

15056 

15088 

15152 

15312 

15344 

15440 

15472 

15536 

15568 

15600 

15632 

15664 

15696 

15728 

15792 

15824 

15888 

15920 

15952 

15984 

16016 

16112 

16208 

16272 

16304 

16400 

16432 

16496 

16592 

16656 

16720 

16752 

16784 

16880 

16912 

16944 

16976 

17008 

17072 

17136 

17168 

17232 

17264 

17360 

17392 

17424 

17456 

17520 

17552 

17584 

17648 

17712 

17744 

17808 

17840 

17872 

17936 

17968 

18032 

18064 

18096 

18128 

18192 

18224 

18288 

18320 

18352 

18384 

18416 

18512 

18544 

18576 

18608 

18672 

18704 

18736 

18768 

18800 

18832 

18896 

18992 

19088 

19120 

19152 

19184 

19216 

19312 

19344 

19376 

19408 

19472 

19568 

19600 

19632 

19664 

19696 

19760 

19792 

19824 

19856 

19888 

19952 

20048 

20112 

20144 

20176 

TABLEAU  3 

Longueurs  N/16  /  0  mod  2  pour  lesquelles  les  sequences  W.G.  n'existent  pas 

N  S  20000 

226  longueurs  existantes 
399  longueurs  non  existantes 
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N-12-2?x3  2*(i2)-8 

OOClOvlilOlC 

N -20-22x5  2 *(20)  ”  16 

ociosmoonotooooio 

N  —  28  —  22  x  7  2  #(28)  -  24 

cnoionnioooiooioioooooiio 


TABLEAU  4 

Sequences  de  base  de  longueur  N/4  5/  0  mod  2 
N  <  ISO 


N-  36  -22x32  2#(36)-24 

miMoonoioooioomouuooioiuoio 

N- 52 -22x13  2  #(52)  —  48 

ouiMoimnoioiooiwiwoioooiuwfl&wmouoiiono 

N  -  60-22x3x5  2#(60)-32 

OmOOOlOl'.lliOClOIODODlOOlO&OlOOOlllOlOOOOOllOltmiOlltllO 


N  -  76  =  22  X  19  2  *(76)  =  72 

?nioioiKiuc!:uooieiuimcoiooioooiooom<ioisioiMocu8ioo»MC-.;:.::'.ii» 

N-84-2Jx3x7  2  #(g4)  -  48 

ciimoiooooi:oi:o:ni>:iioooiioiooooioioooiooooo!f-i:i:oc;o«ioooio«>!i:N:ui:i!OiO!io 

N-  100  -  22  x  52  2  #(100)  —  20 

t;:ioo:o:ouicioiioocnuoiooioomiiox;;ino<iioooioocuoio:a«oicioo::icoc-oso:iouoooooioooooouoiic- 


N  -  108  -  22  x  3s  2  *(10g)  -  72 

ocn:ioconr.i!iiiiouooooo5iO!CiioMiMoioioei5i)icii05nMMnuiMi»!O}o:t'o:!i!iioU'iooiiici:ioic!:onoiOMo 

N  -  124  -  22  x  31  2  #(j24)  -  120 

oiio«:iooMi«oioioicnnoMoiMOooi!c;(!oo00Moiiioiooiio;m0iooi;iMiniouo!OicioMO!i(i:cun'.OMoniimioofio:;wiociK 


N-  148  -  22  x  37  2#(i4g)-144 

oii9C30ioooiooooimtooooooiooi&90oiiooiomoooioiou9ioiioioooiooooouoooioono!Oiiiomioooooiiimoni>mioouoiooomoic:& <‘.o! 

iouicimiocno 
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Sequences  de  Golay 


Sequences  multiphase JYanckJSivaswamy-Goutelard 


jCft) 


N 


CAZAC  _  R  POLGE 


o  z  N 


SEQUENCES  I  G 


0 


FIGURE  1 :  Siquences  parfaites  et  sequences  presque  parfaites. 
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SEQUENCE  Q=  1  PERMUTEE/Q‘=  1 

01101011111800 

10010100000110 

SEQUENCE  Q=  3  PERHUTEE-'Q  ‘  =  19 

01110010000810 

18001181111081 

SEQUENCE  Q=  5  PERttUTEE/'Q1  =  17 

01100101081111 

ieaii0i0i0008e 

SEQUENCE  Q=  9  PERMUTEE/Q‘=  25 

81010011111801 

18101008000110 

SEQUENCE  Q=  11  PERKUTEE/Q ' =  “3 

00001010001101 

11100101110010 

SEQUENCE  Q=  13  PERHUTEE-'Q’ =  13 

00108101000081 

10011010111110 


SEQUENCE  Q=  15  PERHUTEE-'Q' =  15 

00111110101180 
11000001010018 

SEQUENCE  Q=  17  PERttUTEE/Q ' =  5 

80100111010811 
11011800101000 

SEQUENCE  Q=  19  PERHUTEE^Q' =  3 

00110000801010 
11001111108101 

SEQUENCE  Q=  23  PERHUTEE-'Q '  =  11 

00800010181180 
11111801010811 

SEQUENCE  Q=  25  PERMUTEE/Q ' =  9 

01001111011800 
10100000100111 

SEQUENCE  Q=  27  PERHUTEE-'Q '  =  27 

00110080010100 
10001111101011 

a)  Sequences 


b)  Fonction  de  correlation 

FIGURE  2 

Sequence  de  base  et  q  perrautto 
pourN  =  28 


r.lSSAMCE  D’CMBSON :  i  W 


nnSSANCZ  REMISSION:  tot 


FIGURE  3  :  Exemplc  d ’application  du  codage  i  U  technique  "backscatter  sounding". 
Representation  tempordle  et  fonction  de  diffusion. 
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DISCUSSION 


D.  HAINES 

Does  your  method  of  building  up  long  codes  allow  the  creation  of  both  periodic  (repeating  100%  duty  cycle  waveforms)  and  pulsed 
codes  with  perfect  autocorrelation  functions? 

AUTHOR’S  REPLY 

Nous  utilisons  la  mithode  que  nous  avons  appelde  mithode  d'impulsions  longues  codtes.  Nous  avons  public  cette  technique.  Elle 
consiste  1  rfpartir  de  code  sur  un  ensemble  d'impulsions  d'imissions  entrelacies  avec  des  phases  de  reception.  Un  choir  judicieux 
permet  d'avoir  une  couverture  exacte  de  la  zone  d'observation.  Vous  pouvez  utiliser  aussi  ces  codes  dans  des  Emissions  continues. 
We  use  a  method  which  we  call  the  encoded  long  pulse  method.  We  have  published  this  technique.  It  consists  of  distributing  the 
code  over  a  set  of  emission  pulses  interlaced  with  reception  phases.  Careful  selection  enables  correct  coverage  of  the  zone  of 
observation.  You  can  also  use  these  codes  during  continuous  emission. 

L.  BERTEL 

Pouvez-vous  prtciser  les  conditions  expirimentales  (code,  largeur  de  bande  correspondante,  durde  d'imission)  correspondent  aux 
ionogrammes  de  ritrodiffuston  ou  fonction  de  diffusion  prtsentis  et  relatifs  It  l'annie  1992? 

Can  you  specify  the  experimental  conditions  (code,  corresponding  bandwidth,  duration  of  emission)  for  the  backscatter  ionograms  or 
the  scatter  function  ionograms  presented  for  1992? 

AUTHOR’S  REPLY 

Dans  les  exemples  prisentts,  pour  l'annte  1992.  les  codes  utilises  avaient  des  longueurs  voisines  de  SOO  et  la  bande  passanle  utilisie 
itait  de  10kHz.  L'imssion  allemie  avec  des  phases  de  reception  dtait  constitute  d'impulsions  dont  la  durce  moyennc  tta.it  de 
l'ordre  de  400  microsecouues. 

In  the  examples  presented  for  1992.  the  lengths  of  the  codes  used  were  around  5 00  and  the  bandwidth  was  10  kHz.  The  emission 
alternating  with  the  reception  phases  was  composed  of  pulses  of  an  average  width  of 400  microseconds. 

F.  CHRISTOPHE 

Quelles  sont  les  proprittts  des  sequences  Wolfmann-Goutelard  en  dehors  de  1'axe  des  frequences  Doppler  nulles,  pour  ce  qui 
conceme  la  fonction  d’ambiguilf? 

What  are  the  properties  of  the  Wolfmann-Goutelard  sequences  outside  the  null  Doppler  frequency  axis  in  so  far  as  concerns  the 
ambiguity  function  1 

AUTHOR’S  REPLY 

Cette  question  est  tris  pertinente  mais  je  ne  peux  y  apporter  une  rtponse  complete  car  je  n'ai  pas  encore  termini  les  calculs  relatifs 
4  cette  question.  Cependant,  les  caractfnstiques  de  la  fonction  d’ambiguitt  sont  bfes  aux  coefficients  du  p  transform^  polynome  du 
polynome  de  corrtlaUon.  La  rtgulantf  de  ces  coefficients  laisse  augurer  son  bon  comportement  en  dehors  de  l'axe  des  frequences 
Doppler  nulles. 

This  is  a  very  pertinent  question,  but  unfortunately  I  cannot  give  a  complete  answer,  as  I  have  not  yet  completed  the  calculations 
relating  to  this  question  tloweser,  the  characteristics  of  the  ambiguity  function  are  linked  to  the  coefficients  of  the  polynomial 
transform  of  the  correlation  polynome.  The  regularity  of  these  coefficients  leads  us  to  believe  that  the  behavior  is  acceptable 
outside  the  null  Doppler  frequency  axis. 
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single  site  location  and  another  two  to  radiolocation  measurements  and  systems.  One  session 
covered  signal  processing  techniques  in  radio  location  applications.  One  session  covered 
classified  subjects  and  will  be  published  in  a  classified  addendum. 
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